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Emittance Measurements using the New Linac Diagnostic and MuCool Test Area Beamline

C. Johnstone
Abstract

The newly-designed MTA/Linac Diagnostic line incorporates a long 10m straight specially designed for optimal accuracy in measuring the Fermilab Linac emittance.  Using Linac beam extracted at 400 MeV and directed towards the MuCool Experimental Hall, a quadrupole triplet focuses a large, almost 2” beam (95% width) down to a small, 0.2” size (based on current estimates of the Linac emittance).  This waist is located at the midpoint of the straight, reducing the number of unkown linear optical parameters (Courant-Snyder parameters: ( and (). The small number of variables and the large change in beam size reduce the systematic uncertainties and errors associated with the measurement and, hence, enhances the accuracy of the measurement. 
Introduction

The simplicity and reduction of fitted optical parameters in a straight with reflective symmetry about the midpoint and with detectors located equidistant from the midpoint detector is derived below. Based on the schematic below and using conventional Courant-Snyder parameterization for linear, elliptical emittances:
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Emittance Determination
With the simplification above, the solution for emittance has a reduced parameter dependence as is derived below:
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Random Errors in Emittance Determination
There are almost no sources of random errors in the measurement of Linac emittance.  With ~0.1-1.6 x 1013 particles in a Linac pulse, statistical errors are negligible.  The line is run DC – power supply ripple might be the main source of random errors.  However, it is expected that systematic errors, mainly due to the resolution of and background in the multiwires dominate.  Systematic errors will be treated in the next section.
To clearly define the effect of random errors, it is most straightforward to expand the square root and use the optical conditions in the current line design that (1<<(0.
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Clearly the dominant error on the measured emittance value, (m, is given by the first term in the expansion and can be represented as follows.
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Systematic errors on emittance determination
In contrast, systematic errors are not random.  They are intrinsic to the method and hardware applied and typically skew the measured value in one (unknown) direction.  Repeated measurements with the same apparatus do not improve precision.  Different sources of systematic error, however, do add in quadruture.  Conventionally these errors are simply quoted in percent and associated with specific hardware, but in this case, the dominant systematic errors are the resolutions of the profile monitors, and an accurate estimate of the systematic error can be calculated. 
By far the most significant error on the emittance measurement is the systematic resolution of the profile detectors.   For detectors 0 and 2, a multiwire with 1 mm wire spacing will be used to detect the ~4-5 cm beam size (full width) and a finer wire spacing, (hopefully 0.5 mm) at the position of the waist for the smallest beam profile (~5 mm wide).  One can apply the systematic errors directly to equation replacing (( with the resolution, R, of the respective profile detectors:
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 For ~2” beam, which is the approximate envelope of the beam at detectors 0 and 2, and with 1 mm wire spacing and an unknown profile (it is approximately triangular, and definitely non-Gaussian), one can reasonably assume a 1 mm error in determination of the 95% envelope.  It should be noted that 2.5 ( is not the envelope, and fitting a Gaussian does not apply nor increase the accuracy of the measurement.  The largest error, by far, is in determination of the envelope at the waist, which is quite small in the current design, ~5 mm at the 95% point.  Here with, reduced wire spacing, plus a more accurate knowledge of the phenomenological profile using detectors 0 and 2, the error in determining the envelope could decrease to ½ mm.  Even with at this accuracy the measurement error in the waist detector dominates the emittance determination.
Example: Triangular Beam Profile; systematic error

One can derive the rms of a triangular profile (even though it is an odd function and discontinuous at the peak).
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Note that 2.5( does not represent the 95% envelope.  The 95% envelope is most easily derived as follows by simply subtracting the outer triangle which represents 5% of the total area:
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If one assumes the above errors in the 95% full-width determination at the detectors (1 mm at wires 0 and 2 and 0.25 mm at wire 1) and a triangular beam profile then one can estimate the dominate systematic error due to the resolution of the detectors.  Note this would represent the maximum possible error in the measurement.
.
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From alternate measured sources, we know (m(10( mm-mr and this approximate value can be used to give an estimate of the expected error using these profile measurements.
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Conclusions
Based on the line design and an estimated linac emittance (95%) of  ~10( mm-mr, the linac emittance can be determined using a multiwire with 0.5 mm wire spacing at the waist to a precision of about 10%.  This number can be improved to about 5% or less with better resolution of the profile at the waist.
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