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[bookmark: _Toc458762054]Introduction
[bookmark: _Toc458762055]The MEBT in PIP-II
Fermilab is going to upgrade existing accelerator complex in the framework of Proton Improvement Plan-II (PIP-II), see [1]. It should facilitate several experiments on neutrino physics and provide a flexible machine that will be able to accommodate many other far-term experiments, which are not well defined yet. The plan is to
· Replace NC Linac with SC Linac
(First, the Super Conductive Linac will work at low duty factor, but capability to operate in CW mode provides straightforward future upgrade path)
· Upgrade Booster, Recycler, Main Injector
(To accommodate new parameters of injected beam and provide higher intensity on the exit)
[image: C:\Users\ilobach\Pictures\123457689098.png]
[bookmark: _Ref457768088][bookmark: _Ref457768073]Figure 1 PIP-II and the IT MEBT
The role of MEBT in PIP-II is shown in Figure 1. It is a connecting section between two accelerating parts, namely, RFQ (Radio Frequency Quadrupole) and SC Linac (Super Conductive Linac). Its goals are diagnostics of the beam, matching the envelopes of the accelerating sections and creating a desired structure of the beam by the chopper. 
Testing of the Front End is performed with short pulses (about ). The settings in the MEBT are chosen based on these experiments. The question to be answered is whether the short pulse experiments describe the behavior of the beam in the MEBT in CW mode. Experiments with long pulses have been done in the LEBT. The goal of this study is to perform or approach similar experiments in the MEBT.
There are several ways properties of the beam can change at long pulses:
· Beam neutralization
· Beam loading of RF cavities
· The beam might enter the MEBT with variable size along the pulse because of effects in the preceding sections
· Unforeseen effects
In this contribution the first and the third effects are considered. We start from theoretical estimations on the beam neutralization in the MEBT, then experimental results on beam neutralization in the LEBT are presented. Finally, the method to measure beam size in the MEBT for long pulses (about 10 ms) is developed and tested. 

[bookmark: _Toc458762056]Definition of beam neutralization.
Let us approach this question on the example of the MEBT.
[image: C:\Users\Nixan\Pictures\biokpjkl.png]
Figure 2 The layout of MEBT (complete)
The beam particles () enter the section. There are residual gases inside the pipe, we will assume that there is only   for simplicity (it should not affect estimations to much). The particles of the beam ionize residual gas. Produced electrons readily escape from the bema area, because they are repelled from it. However, produced ions () can accumulate and compensate the beam’s charge. This is what is called beam neutralization. This effect can then result in changes of beam size, phase shift etc. 
[bookmark: _Toc458762057]Motivation to study beam neutralization in the MEBT
There are several reasons why it is important to consider the effect in the MEBT of the new injector.
· Space charge in the MEBT is considerable
· The MEBT does not have accelerating fields (longitudinal), which would remove the ions of residual gas. 
· The MEBT is very long (> 10 m) and, consequently, the beam envelopes are sensitive
[bookmark: _Toc458762058]Estimations
Table 1 Physical constants
	Description of the constant
	Value
	Units
	Denoted by

	Classical radius of proton
	
	
	

	Charge of an electron
	
	
	

	Speed of light
	
	
	



The following table contains main parameters in the MEBT. Those parameters that are not derived from others in this table are highlighted by yellow background. 
[bookmark: _Ref457736064]Table 2 Essential parameters in the MEBT
	Parameter
	Value
	Units
	Denoted by

	Energy of H-
	2.10
	MeV
	

	MEBT length
	10
	m
	

	Nominal beam current
	5
	mA
	

	Pressure of residual gas
	1
	 Torr
	

	Characteristic aperture (for estimations)
	16
	mm
	

	Beam RMS transverse size
	2
	mm
	

	Cross section of ionization of  by proton
	
	
	

	Speed of the  ions
	
	mm/ns
	

	Concentration of 
	
	
	

	Concentration of  in cylindrical beam
	
	
	

	Linear concentration of  in the beam
	
	
	

	Temperature of 
	
	
	

	Root-mean-square speed of  (thermal)
	
	
	

	Longitudinal RMS bunch size
	
	
	

	Number of  ions in a bunch
	
	
	



The next two tables mainly contain the results of estimations. The explanations for how this values were obtain follow them. 
[bookmark: _Ref458763652][bookmark: _Ref458763677]Table 3 Comparison of energy of ions of residual gas associated with the field of the beam and their thermal energy
	Potential drop due to field of the beam

	Transverse
	12 V

	Longitudinal
	4.5 V

	Thermal energy

	0.025 eV



[bookmark: _Ref457819080][bookmark: _Ref457736063]Table 4 Characteristic times in the problem
	Parameter name
	Value
	Denoted by

	Time interval between bunches
	
	

	Neutralization time in the MEBT, see [2]
	
	

	Period of transverse oscillations of  ions due to field of the beam
	
	

	Characteristic time of longitudinal motion of  ions due to longitudinal potential drop
	
	

	Time of transverse escape of  ions due to thermal motion (radius of beam pipe over thermal speed)
	
	

	Time of longitudinal escape of  ions due to thermal motion (length of the MEBT over thermal speed)
	
	

	Time it takes for an ion to acquire thermal energy by Coulomb scattering
	
	

	Longitudinal RMS bunch size
	
	

	Unit of time in Figure 3
	
	



[bookmark: _Toc458762059][bookmark: _Ref458762469]On space charge in the MEBT
A model problem is considered, a bunch in the MEBT is represented as a homogeneous sphere with a diameter of 4 mm. It travels 10 m without external fields acting on it. Here it is enough to consider the motion of the boundary of the sphere only. The equation of motion of the beam particles on the boundary is 
	
	
	(1)


where b denotes the radius of the sphere. The last equation was solved numerically. The final bunch size turns out to be about 8 cm. This proves that space charge is considerable in the MEBT.
It is seen in Table 3 and Table 4 that the contribution to motion of the ions of residual gas due to the electric field of the beam is much stronger than thermal component (characteristic times for the motion in electrostatic field are much smaller than that for thermal motion). Therefore, in the following sections we consider mainly the motion due to electrostatic forces, produced by the beam of  ions.
[bookmark: _Toc458762061]Neutralization time in the MEBT
It is calculated like in [2]. In this case the model of the beam as a homogeneous cylinder is used.
	
	
	(2)




[bookmark: _Toc458762060]Transverse motion of  ions in the field, produced by  beam
[image: F:\New folder\from bd\ion-beam interaction 2.png]
[bookmark: _Ref457736053][bookmark: _Ref457736041]Figure 3 Comparison of trajectories of motion of an ion in the beam. Blue lines correspond to numerical solution in case when bunching structure of the beam is taken into account. Orange lines correspond to the model of homogeneous cylindrical beam. z axis lies along the beam.  
In Figure 3 the following problem is considered. An ion is born within a bunch. It stats to oscillate. In the first (blue) model, the beam consists of spherical bunches. In the second (orange) model, the beam is a homogeneous (in longitudinal direction) cylinder. Transverse distribution of charge in the cylinder corresponds to averaged over long time distribution of charge from the first model. The unit of length in the figure is the radius of the beam (sphere or cylinder). The unit of time is listed in Table 2, it is the time it takes for the beam to travel the distance between two neighboring bunches. One can see that the results for transverse motion are almost identical. Therefore, one can state that transverse motion occurs in averaged over time potential of the  beam. 
To summarize this subsection, transverse ion motion happens in averaged potential and is an oscillatory motion with period of about , see Table 4. Therefore, in case of full neutralization, the ions of residual gas are distributed rather smoothly in longitudinal direction (on the scale of the distance between neighboring bunches) and compensate the average current of the  beam. 
[bookmark: _Ref457736054][bookmark: _Ref457810726][bookmark: _Toc458762062]Transverse oscillations of the  ions. Analytical consideration.
In this subsection the model of homogeneous cylindrical beam is used. Therefore the field in it is expressed by Gauss’s theorem as
	
	
	[bookmark: fieldInTheBeam](3)


Therefore, the law of motion for the  ion within the beam is 
	
	
	(4)


Finally the period of transverse oscillations is
	
	
	(5)


Let us also calculate transverse potential drop in this subsection. Using Equation 3 one can find the potential drop between the centerline and the surface of the beam (cylindrical model). 
	
	
	(6)


Also, one has to take into account potential drop from the surface of the beam to the inner surface of the beam pipe. The field there is calculated as
	
	
	(7)


 And associated potential drop is
	
	
	(8)


Finally, total transverse potential drop, which is the difference between the potential on the inner surface of the beam pipe and the centerline, is calculated by
	
	
	(9)



[bookmark: _Toc458762063]Longitudinal motion of  ions due to potential drop along the beam
[image: Z:\common\Arun\MEBT_Envelopes\RMSEnvelope_MEBT_Full.png]
[bookmark: _Ref457742266]Figure 4 Simulated 3-sigma transverse beam envelopes in the MEBT (complete) (c) Arun Saini
[image: C:\Users\ilobach\Pictures\ghjgkgyhrtjury.png]
[bookmark: _Ref457815842]Figure 5 Simulated 3-sigma transverse beam envelopes in the MEBT (existing) (c) Arun Saini
Currently we only have the beginning of designed MEBT, see Figure 5, the section before 2 m and the beam dump.  The formula for electric potential along the centerline with respect to the inner surface of the beam pipe (which is grounded) is 
	
	
	(10)


where  is the linear density of the beam,  is the radius of the beam line,  is the radius of the beam. The model of cylindrical homogeneous beam is used (the radius is assumed variable).  We neglect the field of induced charges-images. As one can see, the smaller the radius, the lower the potential is. Thus, ions should move from area of big radius to area of smaller radius. They go to the left in the region A and leave the MEBT for the RFQ. However, the ions of residual gas can accumulate in the regions B and C, see Figure 5. One can estimate the amplitude of longitudinal electric field in the MEBT by 
	
	
	(11)


where . It assumes that the characteristic longitudinal potential drop is 
	
	 
	(12)



 Then the characteristic time for longitudinal motion due to the potential drop is
	
	,
	(13)


it is the time it takes for the ion to travel  in the field  with zero initial velocity. The time is an estimate for the escape time from the region A. In addition, it can be used as an estimate for the period of longitudinal oscillations of the ions in the potential wells near the points B and C.
It can be shown that the fraction of compensated charge in the region A is of the order of  . Therefore, one can neglect the neutralization in this region with respect to neutralization near the points B and C, where full neutralization is not prohibited. The same is true about the peak between regions B and C, and the peak near the beam dump, neutralization there is negligible.  As the number of ions in the potential wells increases, their depths decrease. Many ions, that were entangled in the wells in the first place, leave them, because they have too big energies now. However, on average, the number of ions in the wells gradually increases. We believe that the saturation is reached, when the depth is of the order of thermal energy. In this case, the energy levels of newly born  ions mostly lie outside the potential well and they cannot stay in it.  Virtually all the charge near the points B and C is compensated, because thermal energy is much smaller, than the initial depth of the potential well. 
The fact that ions tend to accumulate where the beam has smaller radius is not new, see [3], [4]. 
To conclude this subsection, almost no neutralization should be observed to the left from point A and to the right from point C due to longitudinal electric field removing the ions. All but full neutralization can be in the vicinity of point B, in the potential well. 
[bookmark: _Toc458762064]Thermal motion
Time of transverse escape is estimated as the time it takes for the  ion to travel the distance  with thermal speed.
	
	
	(14)


Time of longitudinal escape is calculated as the time it takes for the  ion to travel the distance  with thermal speed.
	
	
	(15)



[bookmark: _Toc458762065]Time to acquire an energy equal to thermal energy by Coulomb scatter
There is an equation for mean imparted energy to a particle at rest by a particle passing near the first one, see [5]. 
	
	
	(16)


In the last equation, the frame of reference related to  ions is considered.  is the average energy imparted to  ion during the period of time equal to . Therefore, the average power of the energy transfer is
	
	
	(17)


Let us assume that all the imparted energy goes to acceleration of the  ion in one particular direction. Then, the time it takes to acquire the kinetic energy equal to thermal energy is (up to an order of magnitude)
	
	
	(18)


This time proves vary long with respect to characteristic times of other effects, therefore the effect can be neglected.
[bookmark: _Toc458762066]Possible observable effects of neutralization in the MEBT
To estimate the effects of neutralization on the beam we have solved two model problems.
Problem 1.
Formulation: Beam constitutes a series of homogeneous spherical bunches. In the first case, there is no neutralization, how much does the radius of the bunches increase when the beam travels 10 m? In the second case, there is full neutralization of average current, how much does the radius increase this time? 
Solution: 
Let us first assume that the relative increase of the radius is small and that the edge of the beam moves with constant acceleration. 
	
	,
	[bookmark: acceleratedMotion](19)

	
	,
	(20)

	
	,
	(21)

	Then
	
	

	
	,
	(22)


Thus, the relative beam size increase value appears to be big. Therefore the initial assumption of small relative increase proves wrong and, one can conclude that space charge is significant in the MEBT. This result is in agreement with 2.1. Thus, one has to solve the equation of motion of a particle on the boundary of the bunch with higher accuracy. The equations are
	
	
	(23)


in case of no neutralization, and
	
	
	(24)


in case of neutralization of average current (for simplicity the contribution to force due to accumulated ions is calculated in assumption of homogeneous cylinder).
Both equations are solved numerically with initial conditions . Upon travelling 10 m the size changes as follows: 
· In case of no neutralization 
· In case of neutralization of average current 
Thus,
	
	
	(25)



[bookmark: _GoBack]Problem 2.
Formulation: Beam constitutes a homogeneous cylinder (of variable radius). What is the phase shift due space charge when the beam travels 10 m?
Solution: The equation of motion for the beam’s particles is 
	
	,
	[bookmark: springEquation](23)


 with 
	
	.
	(24)


See [6],  is the “strength” of focusing system plus the space charge effect in the beam,  is the longitudinal position of the particle,  is the mass of  ion,  is the linear charge density of accumulated ions of residual gas,  is the radius of the beam, , ,  is the transverse position of an ion along x-axis. 
It follows from Equation 23 that a fair estimation for the phase shift (between the cases with and without neutralization) can be calculated as
	
	,
	(25)


where by assumption . This estimation follows from the modelled plot for phase advance, calculated by Arun Saini, see Figure 6. The resulting value of phase shift is rather small and unlikely to be noticed in experiment.
[image: ]
[bookmark: _Ref457893867]Figure 6 Phase advance in the MEBT (complete). (c) Arun Saini
Note that we used 10 m as a characteristic length of the section. However, as was shown in 2.3, full neutralization can be present only near the points B and C.
Even though the estimated effects of neutralization on the beam properties are not significant, we had to develop a method to measure beam size for long pulses (about 10 ms) to check if there were size changes due to unforeseen effects. We could not use full scraper scan to measure beam size for long pulses, because it would damage the scrapers, see 3.2.

[bookmark: _Toc458762067]Experimental Part
[image: Z:\common\Lobach\weeklyReports\July18\SimplifiedInjectorLayout.png]
Figure 7 Simplified layout of the injector
Let us use abbreviations IS, C, LS, MS1, MS2, BD for Ion Source, Chopper, LEBT Scraper, MEBT Scraper 1 , MEBT Scraper 2 and Beam Dump respectively. 
[bookmark: _Toc458762068]Beam size change along the pulse in the LEBT
The experiment on neutralization in LEBT was required to learn what was the contribution to beam size change in MEBT (at different pulse length) due to neutralization in LEBT. 
It is important to note that uniform fit is considerably better than Gaussian fit in LEBT scraper scans. It is related to relative proximity to IS (in MEBT beam profile is Gaussian with less than 1% error).
[bookmark: _Toc457303710][bookmark: _Toc458762069]First experiment
[image: Z:\PXIE MEBT\Shifts\2016\2016_07_15_PM\07152016_Plot02.png]
This data corresponds to the following experiment. We chopped short  pulses from  IS pulse and made beam size measurements with LEBT scraper in the middle of these sample pulses. The plot is	 supposed to represent beam size change along the pulse before the chopper, because as short as  pulses do not encounter neutralization in the section C-LS. Instead of expected rather fast () and smooth beam size drop due to neutralization in IS-C section we see sort of oscillations. Presumably, its amplitude decreases with position along the pulse. Because before  the range of beam size is , whereas after  the beam size varies within  only. 
I would like to say that the result of the experiment is rather confusing. One can interpret it as no beam size change in IS-C section ( is not much) and, consequently, no neutralization. However, it contradicts the belief that vacuum is poor in IS-C region. Therefore, we should be careful making conclusion from this experiment. Something may be wrong in the procedure. Also, the result may imply very fast neutralization () and high measurements error ().
[bookmark: _Toc457303711][bookmark: _Toc458762070]Second experiment
[image: F:\2016_07_15_PM\07152016_Plot03.png]
This experiment was meant to be done at 10 ms modulator and chopper pulses. However, at longer than  pulses the current started to drop significantly in the end of the modulator pulse and we couldn’t use it. 
The purpose of this experiment was to establish the beam size change along the pulse due to neutralization in LEBT to eliminate its influence in further measurements in MEBT.
The curve is exactly what we would like to see. It describes the beam on the exit of LEBT, that is, on the LEBT Scraper. And we see that at some point, after about , the derivative is essentially smaller than in the beginning of the chopped pulse. Hopefully, further measurements will show, that at longer pulse lengths beam size reaches a plateau. It would let us be sure that if we see considerable beam size change in MEBT scrapers after , then it is due to effects in MEBT, not LEBT.
First and Second experiments in combination imply that all neutralization occurs in C-LS region (beam size in the second plot drops by , whereas it oscillates within the range of only  in the first curve ). This result is unexpected, previous research showed that the neutralization in IS-C region should occur first and be more noticeable, because the vacuum there is worse. Therefore it should be considered as a preliminary result.
[bookmark: _Toc457303712][bookmark: _Toc458762071]Third experiment
[image: F:\2016_07_15_PM\07152016_Plot01.png]
This experiment is essentially the same as the second one, but pulse length is smaller here (this experiment was done before we called the Main Control room and asked to let us use  pulses), and chopping started at  after the start of modulator pulse instead of  in the second experiment. The curve resembles the curve from the second experiment.
[bookmark: _Toc457303713][bookmark: _Toc458762072]Conclusions
[bookmark: h.gjdgxs]The plot transverse beam size VS position along the pulse on the exit from LEBT was obtained and one can eliminate the LEBT effects while considering effects in MEBT. Only for simplicity, it is desirable to consider effects in MEBT starting from  along chopped pulse, because then the beam size is almost constant on the exit from LEBT. An estimate for beam size drift is . Candidly, it should be checked with longer pulses.
[bookmark: _Toc458762073][bookmark: _Ref458779821][bookmark: _Ref458779837]Beam size measurement for long pulses in MEBT 
[bookmark: _Toc458762074]Preparation. Short pulses
By long pulses we mean the following machine settings. 10 ms chopper pulse @ 1 Hz. 5 mA current, 2.1 MeV. Expected beam size 2 mm.
All the experiments were done with short 10 us pulses, because it is a preparation before real long pulse measurements. We considered only M00 scrapers.
[bookmark: _Toc457303715]Why we need other than Full Scraper Scan method.
We cannot use full scraper scan, because the scrapers would melt. The table below gives the characteristic values for heating up and cooling down the scrapers. A good model of the phenomenon is heating up due to the power of the beam and cooling down by radiation. The flow of heat to the beam line can be neglected because the scraper was designed to be isolated from it.
	Heating up to a melting point in CW mode (no losses assumed)
	32 ms

	Cooling down to initial temperature (due to electromagnetic radiation)
	17 s

	Max acceptable current in the scraper (at 10 ms pulse each second)
	9% (0.45 mA)

	Chosen intercepted current in the scraper (at 10 ms pulse each second)
	4% (0.2 mA)



The equations for the estimations made in the first two rows of the table are the following.
	
	
	(26)


for the first row. Here P is the power of the beam in CW mode, C is the thermal capacity,  is density,  is the difference between temperature at melting point and room temperature, S and h are the area and the thickness of the scrapers. All these parameters were found in [7].  is the time it takes for the scrapers to heat up to a melting point in CW mode (32 ms).
	
	
	(27)


for the second row. Here  is the emissivity of the scrapers,  is the Stephan’s constant.  is the time it takes for the scraper to cool down to initial temperature from the melting point.
Therefore, the only thing we can do is to intercept only a small fraction of the beam current by the scraper, see the figure below.
[image: C:\Users\Nixan\Pictures\Рисунок1dfd.png]
The numerical model, developed by Curtis Baffes, suggests that we can intercept about 4% of the beam without risk to damage the scraper. See the diagram below.
[image: C:\Users\Nixan\Pictures\gsfghd.png]
Figure 8 Maximum allowable absorbed power for TZM MEBT scraper
In the diagram, Steady-state dT means the contribution to the temperature of the scraper due to the part of heat that has distributed over the scraper uniformly. It is constant part of temperature. Transient dT is the contribution due to peaks of temperature in the scraper occurring when the chopped pulse crosses the scraper. This curve corresponds to the highest temperature in the scraper. Maximum Temp is the sum of the two curves. The model assumes no transfer of energy in radial direction. The 4% of intercepted current corresponds to about 0.2 mA of beam dump current drop.
[bookmark: _Toc457303716]Results of preparatory measurements
Relation between the position of opposite scrapers
We had to find the relation between the positions of opposite scrapers. Let us explain what it means making use of the figure below.
[image: C:\Users\Nixan\Pictures\sdgzdg.png]
We wanted to relate the positions in case when the scrapers are in the same physical position.  If we consider an example of horizontal scrapers, then it should be quite clear that such positions are related by the following equation
	
	
	(28)

	
	
	


Our goal was to find the constant. To do it we inverted the full right scraper scan and put it over the left scraper scan, as shown in the figure below.
[image: C:\Users\Nixan\Pictures\dfbzdfsnbrg.png]
The horizontal position of the right scraper scan was not defined. We had to shift it along x-axis until it was the best fit for the left scraper scan. Knowing the value of the shift we could calculate the unknown constant.
	
	
	(29)

	
	
	


Then we did the same for the vertical scrapers.
	
	
	(30)

	
	
	


The reason we needed the relations is the following. We could not join the scans corresponding to the opposite scrapers without the relation. It will be of much use when we will only be able to deal with the far tails of the scans (when we can only cut a small fraction of the beam at its edge).
Gaussian distribution fit for full scans
The full scraper scans proved to be very close to Gaussian curves. See the figures and the tables with main results below.
[image: C:\Users\Nixan\Pictures\sdgfgsdfhef.png][image: C:\Users\Nixan\Pictures\gfdrfhdfhgh.png]
	Standard deviation in the far tail
	0.04 mA
	Standard deviation in the far tail
	0.04 mA

	Standard deviation from the fit
	0.03 mA
	Standard deviation from the fit
	0.05 mA

	Relative error
	0.7%
	Relative error
	0.9%






	


Good convergence with Gaussian fit lets us use it in further experiments, when we do not have full scraper scan (when we only have the tails).
The fact that the standard deviation in the far tail (related to noise in the signal) is 0.04 mA means that the intercepted current should be >>0.04 mA. Fortunately, as was mentioned, we can deal with 0.2 mA of intercepted current.
[bookmark: _Toc457303717]4 methods to measure beam size of a long pulse 
Method 1.  Cut part of the beam with only one scraper
The method includes two steps:
· First we can make a full scraper scan at low pulse length to determine the beam center position ().
· Then, for a long pulse, we can gradually move the scraper in until the beam dump current drops by, ~0.5 mA, collect the position of the scraper and reconstruct the beam’s size by
, where  is inverse of Gaussian function.
	Left M00 Scraper

	I0, mA
	I, mA
	x0-x, mm
	Sigma

	4.76
	4.45
	5.0015
	3.305447

	4.76
	4.07
	3.5015
	3.308589

	4.76
	3.71
	2.5015
	3.247824

	
	
	Mean:
	3.287287

	
	Scraper scan result:
	3.2222

	Relative error: 2.0%


	Top M00 Scraper

	I0, mA
	I, mA
	x0-x, mm
	Sigma

	4.76
	4.55
	3.2359
	1.898132

	4.76
	3.86
	1.7359
	1.969686

	4.76
	3.05
	0.7359
	2.041439

	
	
	Mean:
	1.969753

	
	Scraper scan result:
	1.9535

	Relative error: 0.8%


The results of a test experiment are summarized in the tables below.

In this experiment we collected 3 points and calculated the final result as a mean.
Method 2. Analyze far tails of the Scraper Scan
The idea of this method is to obtain the far tails of the scraper scans, join them by the relation of opposite scrapers’ positions and fit the resulting scans by Gaussian distribution.
Other important details are as follows
· Scraper position step size was 0.1 mm
· We used the feature of the Scraper Scan Program to stop when beam dump current drops by 0.2 mA
· The whole experiment takes about 20 minutes
The results of the experiment are summarized below. The tables also present comparison of the results (beam size) of Method 2 and the results of Scraper Scan Program obtained through full scraper scan.
[image: C:\Users\Nixan\Pictures\dfhbdfhdfhdf.png][image: C:\Users\Nixan\Pictures\;lkm,jhngbvf.png]	
	
	Sigma
	
	Sigma

	Full Scraper Scan
	2.8771 mm
	Full Scraper Scan
	1.8368 mm

	Method 2
	2.9652 mm
	Method 2
	1.8607 mm

	Relative error
	3.1%
	Relative error
	1.3%



Method 3. Collect several points in the far tails, averaging current readings over a long time
It is essentially the same method as Method 2. But the procedure to collect data points is different. We tried to enhance the quality of points by averaging beam dump current reading for each point over a long time.
Other important details are as follows
· Current reading for each point was averaged over 2 minutes
· The whole experiment takes about 50 minutes
The results are summarized below.
[image: C:\Users\Nixan\Pictures\wqetknl;;.png][image: C:\Users\Nixan\Pictures\ashjklm;,llk.png]
	
	Sigma
	
	Sigma

	Scraper Scan
	2.8771 mm
	Scraper Scan
	1.8368 mm

	Method 3
	3.0064 mm
	Method 3
	1.7934 mm

	Relative error
	4.5%
	Relative error
	2.4%




Method 4. Collect points in the far tails using the correctors (experiment not done yet)
This method suggests to move the beam instead of moving the scrapers to collect data.
The procedure is as follows
· Move the scrapers close to the beam
· Shift the beam from side to side with appropriate corrector
· Collect data (displacement, beam dump current)
· Reconstruct beam size
The schematic (Figure 9) should help visualize the method.
[image: C:\Users\Nixan\Pictures\sgfuioyut.png]
[bookmark: _Ref457806159][bookmark: _Ref457806129]Figure 9 Schematic of how to use the correctors to measure beam size
The advantage of this method is that the corrector changes the beam position quickly and we can collect more points in a given time period. However, we do not know how to relate corrector current to the beam’s shift accurately yet. An experiment has not been performed yet. We will investigate this method in the nearest future.
We can’t help mentioning such alternative methods as using BPM and spectrum analyzer [3], and using fast beam profile monitor developed in Cornell [8].
Summary
· For long pulses (10 ms) we can only intercept small slices (0.2 mA) at the edge of the beam with the scrapers
· The beam profile is Gaussian in the MEBT with a small error (<1%), it lets us use Gaussian fit when we only have far tails
· Relative positions of opposite M00 scrapers are referenced to one another
· We considered several options to measure beam size for long pulses:
· Cut the beam from one side (errors: 2.0%, 0.8%)
· Use both far tails of the Scraper Scan (errors: 3.1%, 1.3%)
· Collect data in the far tails averaging current readings over a long time (2 min) (errors: 4.5%, 2.4%)
· Collect points in the far tails shifting the beam with the correctors (needs experimental verification)
Conclusion
We decided to use Method 2 in the experiments with 10 ms chopped pulses. Even though the relative error is smaller in Method 1 there is no guarantee that the beam center position is the same for short and long pulses (the assumption of Method 1). Method 2 provides rather fast and accurate measurements. Still, in the future Method 4 should be investigated experimentally, it might be even more effective.
[bookmark: _Toc458762075]Long pulses
Thermal expansion
There might be a considerable error in the measurement of beam size related to thermal expansion of the scrapers. The error in beam size measurement, associated with thermal expansion, is estimated to 0.15 mm. This number corresponds to the settings used in the experiment. The value of thermal expansion coefficient and size of the scraper were found in [7].
Desired setting for the experiment with long pulses implied 7 ms chopped pulse. We would be able to consider beam size change in the MEBT in the region >3 ms, where the beam size is approximately constant in the LEBT. Possible observed changes would mean that the beam size changes in the MEBT only.
However, there is a limit in the pulse of RFQ (about 5 ms) and we could consider only 3.5 ms chopped pulse. The schematic is shown in Figure 10.
[image: C:\Users\Nixan\Pictures\lnkerhghyio7uugfy.png]
[bookmark: _Ref457771344]Figure 10 Pulse configuration
In the experiment we measured beam size in three positions along the chopped pulse by the Method 2. We used larger than 0.2 mA current drop, because the settings for the experiment were less dangerous, than in the estimations for maximum allowable intercepted current. The settings are: 3.5 ms chopped pulse @1Hz, beam current was about 5 mA, file 1506. The signal from beam dump current was very noisy. Therefore, sometimes we used the scraper current as a Monitor Device (the program stopped the scan when the intercepted current reached certain value).
[image: F:\2016_07_29_PM\RFQPulseLessThan5ms\RMS Beam Size along the chopped pulse M00 scrapers Method 2.png]
[bookmark: _Ref457771001]Figure 11 Transverse RMS beam size along the pulse
The plot in Figure 11 shows that the beam size does not change much along 3.5 ms chopped pulse. An assumption of constant beam size is rather good, as the points do not deviate much from the mean value. It is interesting, because in the LEBT beam size changes significantly (about 20%) from 0 to 3 ms.
[bookmark: _Toc458762076]Conclusions
· Motion of ions of residual gas is mostly defined by the field of the  beam (when neutralization is weak)
· The ions “feel” averaged field of the beam
· They compensate average current. Space charge is proportional to peak current. 
· The effect of neutralization in the LEBT was observed, the region of constant size along the pulse was found
· The procedure to measure beam size for long pulses with Gaussian profile in the MEBT was developed
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