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Figure 1: Schematic of SNS linac.
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is more general, as the beam distributions are not always 
Gaussian. However it is not easy to implement, results are 
noise sensitive. For the latter case, Gaussian fitting 
routines are robust but of questionable accuracy for beams 
with substantial halo. To illustrate we provide examples. 

Figure 2 is a plot of profile data taken at the first wire 
scanner station of the SNS HEBT. Shown are data for 
both the horizontal X and vertical Y planes. The profiles 
are plotted against the scan actuator index k; there are 252 
equally spaced steps. Table 1 contains the beam positions 
μ and sizes σ produced by the two different methods. All 
quantities are in units of actuator step length (to convert to 
distance multiply by step length). Also shown in Table 1 
are statistical calculations after noise gating at 1% and 
10% maximum level. This set provides an example of the 
volatility in the computations, especially for the beam size 
σ. Since the beam position are used to compute beam size, 
any noise or errors are propagated and amplified. 

Figure 3: Non-Gaussian profile f and its Gaussian fit g. 

 
 Parameter 

Ω A μ σ 
Exact  0 0.199471 127.5 2.64575
Gauss fit 2.78e-4 0.175117 127.5 2.11640 
Statistical 0 0.18638 127.5 2.64575 

Table 2: Non-Gaussian Profile Parameters 

With the direct statistical calculations one must know 
the noise mean (i.e., “floor”) and variance. The mean is 
subtracted from all profile values while the variance is 
used to compute confidence intervals for the beam size. 
For more details see references [2] and [3].  

Figure 3 shows a simulated situation where the direct 
calculation provides more accurate results. The blue curve 
f is a double-Gaussian profile with amplitude ܣ ൌ  ,ߨ8√/1
position ߤ ൌ 255/2, and RMS size ߪ ൌ √7; it is formed 
as the sum of two co-local, equal-magnitude Gaussian 
functions with standard deviations σ of 1 and 3. Profile f 
was sampled at axis locations ݇ ൌ 1,2,… ,255 to create 
the data set. (Figure 3 displays only ݇ ൌ 110,… ,140.) 
The red curve g is the Gaussian fit to this data set, found 
by least-square minimization. Table 2 lists the parameters 
of the Gaussian fit, along with the exact values in 
numerical form, and the statistical parameters computed 
directly. Parameter Ω in Table 2 is the noise mean. The 

high accuracy of the direct calculations follows from the 
absence of noise. However, the example illustrates how 
Gaussian fitting looses accuracy in the presence of halo. 

 
σ 1 2 3 4 5 

Info. 38% 68% 87% 95% 98.6% 

Table 3: Profile Sampling vs. Information Content 

Wire Scanner Step Size 
The beam parameters are expressed in number of 

samples specifically to raise an issue concerning beam 
size and sampled data. It follows from the relationship 
between a signal and its Fourier transform, analogous to 
the uncertainty principle of quantum mechanics. 

Say the distance between sample points is h. The 
Nyquist theorem states that the highest frequency 
component captured is 1/2h. That is, we need to sample at 
twice the maximum signal frequency, otherwise 
information is lost. Assume our beam is Gaussian with 
standard deviation ݄ߪ, σ being the number of samples per 
standard deviation. The Fourier transform is again a 
Gaussian, but with standard deviation 1/݄ߪ. To preserve 
all information the Fourier transform must be contained in 
the interval [-1/2h,+1/2h]. We cannot preserve all 
information, but we can use this fact to estimate the lost 
information content. The formula 1 െ erf  estimates 8√/ߪ
the proportion of information retained using σ samples 
per standard deviation, producing Table 3. Then referring 
to Table 1 and Table 2 we see that only 70% to 80% of 
the profile information is retained. 

  Chopper Off Chopper On 

Station μ σ μ σ 
WS104 -97.013 1.006 -96.846 1.139 

WS106 -96.999 1.612 -97.041 1.591 

WS110 -93.359 1.289 -93.428 1.316 

WS204 -94.201 1.43 -94.106 1.466 

WS210 -97.861 1.553 -97.979 1.597 

Table 4: Horizontal Plane Beam Position and Size  

Chopping Effects 
Another concern at SNS is the effect of the beam 

chopper on measured beam size and, consequently, the 
resulting effect on Courant-Snyder parameter estimation 
and matching. Both choppers, in the MEBT and the 
LEBT, operate by steering the beam into plates at the up, 
down, left, and right positions. This action tends to 
produces a small periodic jitter in the positions of four 
consecutive mini-pulses. Table 4 lists the beam position μ 
and size σ measured at wire scanner locations along the 
CCL. From the table we can see that the chopper does 
have an effect, although it is probably insignificant. 

COURANT-SNYDER PARAMETERS 
Estimating the Courant-Snyder parameters for the beam 

is done using three or more beam size measurements in 
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conjunction with a beam propagation model (e.g., an 
envelope model). A beamline location is chosen 
(upstream of the measurements) and the Courant-Snyder 
parameters there are found numerically by minimizing the 
RMS error between the measurements and the model. 

  
a) at CCL entrance                b) at HEBT entrance 

Figure 4: Courant-Snyder estimates.  

To test the accuracy for estimated Courant-Snyder 
parameters we performed an experiment using four wire 
scanners placed between consecutive quadrupole 
magnets. The Courant-Snyder parameters were computed 
at an upstream location of all quadrupoles and wire 
scanners. The strength of each quadrupole was lowered by 
5% and the Courant-Snyder parameters re-computed. 
Theoretically all results should be equal; however, due to 
measurement error, errors in the beam size calculation, 
and errors in the model, the values have variation. 

Figure 4 are plots of the (α,β) Courant-Snyder 
parameters computed from the wire scanner 
measurements as described above. Figure 4a shows the 
estimates at the CCL entrance and Fig. 4b the HEBT 
entrance. The HEBT data has one outlier while the CCL 
data has more variation. This is likely due in part to the 
greater role of space charge at lower energy. Table 5 lists 
the mean values and their variances. 

 αx βx αy βy 
CCL -4.63±0.23 5.13±0.64 0.84±0.37 0.84±0.17 
HEBT 2.14±0.21 3.83±0.17 -1.86±0.31 14.9±2.0 

Table 5: Variance of Courant-Snyder Parameters 

MATCHING 
Matching is the proper shaping of the beam through a 

transition region. This is accomplished by setting the 
appropriate field strengths for matching quadrupole 
magnets. At SNS our best matching results have been for 
the HEBT. Even so, our current high-power production 
tune is not a matched beam condition. The reason for the 
irregularity is believed to be the presence of a small 
transverse halo; however, the physics of this situation is 
still being investigated. Our matching technique involves 
using a model in conjunction with a nonlinear search 
engine to predict the matching quadrupole strengths 
yielding desired Courant-Snyder parameters at a chosen 
match location. An alternate technique is to find magnet 
strengths that equalize beam sizes at periodic locations in 
a FODO lattice [4]. 

Figure 5 shows the results of one match iteration 
performed at the HEBT entrance. All figures show model-
estimated beam envelopes derived from beam size 

measurements at four wire scanner locations. These 
measurements are highlighted in Fig. 5a) and 5c); 
Figure 5b) highlights the desired beam size at the match 
location. Figure 5a) shows the initial beam envelope 
through the match region. Figure 5b) is the model-
predicted envelopes for the suggested quadrupole magnet 
settings provided by the matching algorithm. Figure 5c) is 
the actual beam envelope once these settings are sent to 
the machine. The beam is not in the predicted state; 
however, it is better conditioned than the initial state. 
Typically one must iterate this procedure several times to 
find a suitable match. 

 
a) initial beam shape 

 
b) predicted beam shape with new magnet strengths 

 
c) actual beam shape with new magnet strengths 

Figure 5: Matching results at the HEBT entrance. 

SUMMARY 
Several independent steps are needed in the matching 

process: profile measurements, beam size calculation, 
Courant-Snyder parameter estimation, and calculation of 
matching quadrupole strengths. At each stage errors are 
introduce which then propagate through the calculations. 
We have attempted to systematically study these errors in 
order to implement better matching strategies. 
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