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Motivation

Motivation – there existed a need for a beam emittance 
measurements at FAST. 

Proposal – deliver a quick and simple emittance measurement 
tool and “automated” quad-scan system.  
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Automated Quad-Scan

• PYTHON quad-scan tool for automated quad-scans.

• Functions and capabilities:

– Record single or multiple beam size measurements per 𝐾-value.

– Provide Gaussian and/or RMS measurements.

– Saves images from each scan point for off-line analysis/fitting.

– Depending on the desired settings, quad-scans take between 5 min and 30 min.
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Automated Quad-Scan
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Emittance Calculator

• An emittance calculator was developed in 
PYTHON to compliment the automated 
quad-scan tool.

• The calculator takes the raw data file 
output by the quad-scan tool and quickly 
produces:

– Emittance (Thick Lens)
– Courant-Snyder parameters
– Beam matrices
– Estimated errors on all parameters
– Plots:

• Squared beam size (𝑚) vs. 𝐾	 𝑚0,

• Beam size (𝑚𝑚) vs. 𝐾	(𝑚0,)
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Emittance Calculator

6/24/167

Quad-Scan
yes Emittance 

Calculator

Preparation
yesno

Error 

Statistical

no

yes
Set 𝑁𝑎𝑣𝑔 > 1

Systematic
yes

Set 𝑁𝑎𝑣𝑔 = 1

File 
path/directory

Enable/disable 
RMS

Prompt

Beam Energy 
(𝑀𝑒𝑉)

Quad Name

TPM Name

Output

yes

no

Results (text file)

Plot (Beam size 
vs. K)



ELEGANT simulation

• A snippet of the full ELEGANT lattice file for the FAST beamline was used to benchmark the 
PYTHON emittance calculator. 

• Simulations were performed with a beam energy of 50	𝑀𝑒𝑉with two quadrupole magnets at 
two different TPMs and reasonable agreement between the PYTHON algorithm and 
simulation was found:
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Q106	at	X109

Q108	at	X111



Experimental Results
• Early results: 

									20 − 30	𝑚𝑚 @ 𝑚𝑟𝑎𝑑

• Best emittance (nominal settings):

									5 − 6	𝑚𝑚 @ 𝑚𝑟𝑎𝑑
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Horizontal	Plane

Vertical	Plane

Beam	parameters:

• Energy	=	~40	𝑀𝑒𝑉

• Bunch	charge	=	200	𝑝𝐶	

• #	of	bunches	=	50 − 100	

• Main	solenoid	=	310	𝐴	

• Bucking	solenoid	=	70	𝐴	



Main Solenoid Scans

• After tuning of the beamline quad-scans 
were performed with Q108/X111 as a 
function of the main solenoid current.

• This was done in order to find the 
optimum solenoid setting. 

• Beginning with 292	𝐴, the main solenoid 
was scanned in 5	𝐴 increments up to 
327	𝐴. 

• It was discovered that the optimum 
solenoid setting was around 312	𝐴, 
dropping the emittance by a factor of 3, or 
6 − 7	𝑚𝑚 @ 𝑚𝑟𝑎𝑑. 
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Bucking Solenoid Scans

Following the main solenoid scans, attempts at lowering the emittance further were continued and the same 
procedure was applied to the bucking solenoid. 

• The main solenoid was set to the optimal setting (312	𝐴) and the bucking solenoid was scanned from 
20	𝐴 − 140	𝐴 in 20	𝐴 increments. 

• From the analyzed data it appears that the nominal setting of 70	𝐴 − 75	𝐴 was indeed the optimal setting 
for low emittance. 
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Summary and Conclusion

• The goal of this project was to deliver an ”automated” quad-scan tool and emittance calculator using 
PYTHON computing language.

– These tools have been tested and offer users the ability to quickly perform quadrupole scans using the PYTHON 
quad-scan tool.

– Working in tandem, the PYTHON emittance calculator allows users to quickly calculate the emittance, Courant-
Snyder parameters, and various other parameters using the “Thick Lens” model with error analysis.

• By tuning the accelerator during the ongoing commissioning of the 50	𝑀𝑒𝑉 beamline, a decrease in the 
normalized emittance by a factor of 4 has been calculated.

• As compared to simulation, the emittance is still a factor of 2 larger (experimentally).

• Coupling between the transverse planes or the space charge force could explain the larger emittance. 

• More studies need to be performed as well as comparisons with other emittance measurement methods.
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FAST Experimental Results and Analysis
Experimental Results –
Preliminary Quad-Scans

• The first quad-scans were performed with 
Q110/X111.
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• Full	scan	performed	through	both	beam	waists.

• Poor	fits	– it	was	decided	to	narrow	the	scan	range	over	
each	beam	waist	and	perform	individual	scans	for	each	
plane.

Should	be	𝑛𝐶



FAST Experimental Results and Analysis
Experimental Results –
Preliminary Quad-Scans

• The first quad-scans were performed with 
Q110/X111.

6/27/1616

• Scan	performed	over	a	narrow	range	over	the	beam	
waist	in	𝑥.

Should	be	𝑛𝐶



FAST Experimental Results and Analysis
Experimental Results –
Preliminary Quad-Scans

• The first quad-scans were performed with 
Q110/X111.
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• Scan	performed	over	a	narrow	range	over	the	beam	
waist	in	𝑦.

Should	be	𝑛𝐶



FAST Experimental Results and Analysis
Experimental Results – Preliminary Quad-Scans

• From the last two scans one can see that the fits in their respective planes improved.

• Beginning with the first few experiments-on, it was decided to scan individual planes in most 
cases to achieve the best results. 

• The emittance was larger than the simulated results of ~	3	𝑚𝑚 @ 𝑚𝑟𝑎𝑑 normalized emittance. 

• For scans up to 35 𝐾-values, the time it took to perform a quad-scan was around 5 minutes. 

• The emittances measured in the early tests ranged 12	𝑚𝑚 @ 𝑚𝑟𝑎𝑑 − 15	𝑚𝑚 @ 𝑚𝑟𝑎𝑑
(normalized). 

6/27/1618



FAST Experimental Results and Analysis
Experimental Results –
Preliminary Quad-Scans

• After tuning the beamline (Q110/X111):
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• Full	scan	performed	through	both	beam	waists	after	
tuning	the	beamline.

Should	be	𝑛𝐶



FAST Experimental Results and Analysis
Experimental Results – Main Solenoid Scans

• Since the calculated emittance from quad-scan simulations were larger than the 
experimental results by factor of 3 or 4, a method for further tuning the beamline and 
reducing the emittance was needed.

• One such method was scanning the main solenoid and performing quad-scans for each 
solenoid current setting. 

• There are two solenoids immediately after the gun – a main solenoid and a bucking 
solenoid. 

• The nominal settings for the main and bucking solenoids since the 20	𝑀𝑒𝑉 beamline had 
been commissioned was 290 − 295	𝐴 and 70 − 75	𝐴, respectively. 

6/27/1620



FAST Experimental Results and Analysis
Experimental Results – Main Solenoid Scans

• Relative agreement was found between results calculated from both PYTHON and 
ELEGANT, however more studies are needed to uncover the small discrepancies between 
the two codes. 

• One such discrepancy, which was previously an issue when comparing to ELEGANT, was 
error analysis. 

• The only source of error considered for these scans in PYTHON was the systematic error 
coming from the camera resolution limit of 20	𝜇𝑚. 

• There are indeed error bars being displayed in the PYTHON plot, but the errors are four 
orders of magnitude smaller than the emittance, which are therefore unseen unless each 
data point is zoomed in on.

• These quad/solenoid scans were performed over the course of two days – on the second 
day quad-scans resumed at 312	𝐴 main solenoid setting (the optimum setting). The saved 
lattice settings show repeatable results (showing consistency within the accelerator).
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FAST Experimental Results and Analysis
Experimental Results – Emittance as a Function of Charge

• Studying emittance as a function of bunch charge was also of interest as the various planned experiments 
will not necessarily use the same charge throughout. 

• Knowing the optimum main solenoid setting was ~	310	𝐴, quad-scans as a function of both the bunch 
charge and main solenoid setting were performed.

• The solenoid was scanned over 295	𝐴, 310	𝐴, and 325	𝐴 for 100	𝑝𝐶 and 200	𝑝𝐶 bunch charge. 
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• As	expected,	the	emittance	was	lower	at	lower	charge.

• These	quad-scans	were	performed	with	a	beam	energy	of	42.3	𝑀𝑒𝑉 and	
50	𝑏𝑢𝑛𝑐ℎ𝑒𝑠 in	the	macro-pulse,	again	with	Q108	at	X111.	

• It	was	noticed	from	the	individual	quad-scans	that	some	coupling	was	
occurring	and	the	fits	began	to	degrade,	particular	in	the	horizontal	plane.	

• Possible	sources	of	the	large	emittance	could	be	coupling	induced	by	the	
laser	or	possibly	instabilities	in	the	capture	cavities.	



FAST Experimental Results and Analysis
Experimental Results – Emittance at the Goniometer

• A goniometer has been installed near the end of the low-energy beamline. 

• One of the planned experiments at FAST is a crystal channeling radiation experiment. 

• There is a crystal within the goniometer and for this experiment a small emittance is needed (~	1	𝑚𝑚 @
𝑚𝑟𝑎𝑑). 

• It was therefore necessary to measure the emittance at a location near the goniometer to assure the 
accelerator was capable of achieving the required emittance.

• Conveniently, there exists a quadrupole and TPM in the low energy beamline near the goniometer: Q120 
and X121. 

• It was intended to lower the charge, and thus the emittance, and so such low charge should not have 
adverse effects on the beam measurement. 

• Reducing the bunch charge to 50	𝑝𝐶 and 50 bunches, the emittance was measured to be ~	1	𝑚𝑚 @ 𝑚𝑟𝑎𝑑.
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FAST Experimental Results and Analysis
Experimental Results –
Emittance at the Goniometer

• These quad-scans were performed with 
Q120/X121.
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Same	plot	(in	x	only) Same	plot	(in	y	only)



FAST Experimental Results and Analysis
Experimental Results –
Emittance at the Goniometer

• While 1.3	𝑚𝑚 @ 𝑚𝑟𝑎𝑑 was achieved in 𝑥, 
the normalized emittance in the 𝑦-plane 
was 5.1	𝑚𝑚 @ 𝑚𝑟𝑎𝑑. 

• Additionally, the fitting was again of poor 
quality at these low charges. 

• When examining the data from this scan 
in the individual planes and the poor fits, 
these results are likely misleading. 
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