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Introduction
Given the expected level of funding allocated to the LEBT design, construction and installation at CMTF, for both manpower and M&S, we believe that its completion as currently envisioned will be significantly delayed with respect to the current schedule (i.e. beam through a final-configuration LEBT by February 2014). On the other hand, the LEBT in its full configuration [1] is not required to study space-charge dominated transport and the dynamics of neutralization, important and unproven features of the adopted scheme. Hence, we propose a Phase-I version which would allow indispensable studies, with the provision for installing additional components when they are available.
In this proposal, the set goal is to transport beam through a scaled-down version of the LEBT by the end of FY2013 and be ready to start studies in the beginning of FY2014.
Scope
The main feature of the current LEBT design is the transport of a non-neutralized high perveance beam over a ~1m section in front of the RFQ.
Typically, the beam exiting an ion source is rapidly neutralized (> 90%) and remains so until it is chopped in front of the RFQ. Neutralization greatly reduces the beam space charge effects, most importantly, the emittance growth. However, a chopper removes the neutralizing particles and the beam becomes uncompensated. Consequently, the chopper is placed as close as possible of the RFQ to limit the length of the non-neutralized transport. For Project X/PXIE, the 5-mA beam space charge is comparatively low, several times lower than, for instance, the beam at SNS. Simulations showed that a scheme where the beam would be uncompensated in a part of the LEBT is possible, and such scheme was devised. This scheme should reduce the transient effects during chopping in the LEBT and allows for more space after the chopper for the absorber and diagnostics. On the other hand, the beam emittance may increase.
Since the PXIE LEBT design is not standard, it is important to verify early on that the current scheme works, in particular the magnitude of the emittance growth, which may or may not be acceptable. While beam neutralization experiments have been carried out elsewhere, the PXIE LEBT configuration is quite unique. Thus, in this proposal, the beam line lattice and overall mechanical configuration is such that it matches the full PXIE LEBT design. On the other hand, not all elements are needed to study non-neutralized transport feasibility, and a simpler setup can be used for the scope of the study.
Proposed measurements
As alluded to in the previous section, the first goal pursued is to determine the effect of non-neutralized transport on the emittance and verify that its possible increase is acceptable for PXIE’s overall goals. In turn, this may indicate the maximum vacuum pressure allowable for the un-neutralized transport scheme to be realizable. Specifically, we would like to compare the beam emittance at the end of the LEBT in two cases: when the beam transport is neutralized and when the secondary ions are removed in the downstream end of the LEBT. Such comparison can be done with the same assembly by adjusting currents in focusing solenoids and voltages of several electrodes.
Then, the next goal would be to study the dynamic transition from neutralized to un-neutralized transport. However, this would require efforts (and funds) not envisioned to be available in the short term (i.e. FY13), hence are not part of this discussion. 
To make simple estimations relevant to these cases, let’s consider a cylindrical H- beam of constant transverse current density propagating through a cylindrical vacuum chamber. The beam creates the potential distribution given by:

			(1)



where a is the beam radius, b the vacuum chamber radius,  the beam current, and 0 the permittivity of vacuum. is the relativistic factor of H- ions with energy . Positive ions created by the interaction of the beam with the residual background gas (assuming to be mainly H2) have their velocity determined by the room temperature (0.025 eV), hence are captured transversely by the potential well of Eq. (1). If in addition they are prevented to escape in the longitudinal direction, for example, with positively biased electrodes, the density of these ions grows linearly with time until the potential well nearly disappears after the compensation time of
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where i is the ionization cross section for H- ions incident upon hydrogen molecules (),  is the density of the residual hydrogen gas, and  the velocity of the H- ions. For a 30 keV H- beam, i ≈ 510-16 cm2 [2 and references within]. Thus, at 10-6 Torr, the compensation time is comp ≃ 260 s. Note that this value appears to overestimate several measurements reported in the literature where comp < 100 s [2,3].


Now let us suppose that the H2+ ions are created with the longitudinal thermal velocity  and that the ions are removed from the beam after they covered a distance. It results in a constant degree of neutralization equal to the ratio of the flight and compensation times:

						(3)


If the traveled distance is short and the vacuum is good, neutralization can be low. For example, at 
= 0.5 m and a pressure of 10-7 Torr, 0.1.
Actual dynamics of the residual ions is significantly more complicated. In part, the longitudinal modulation of the beam size creates potential variations of hundred of Volts along the beam, which results in longitudinal velocities much higher than thermal and, consequently, dramatically decreases the degree of neutralization from the example considered above. On the other hand, the ions created near the beam waist are trapped longitudinally by the deeper potential in this location. These ions can be removed using clearing electrodes with a transverse electric field. As an example, Figure 1 shows the potential profiles across the beam created by the beam space charge, a clearing electrode and the sum of the two. The beam potential was computed using Eq. (1). The clearing electrode potential was obtained by simulating the geometry of an electron cooling BPM with the SAM code. One plate of the clearing electrode is grounded, while the potential of the other plate, 1kV, is chosen to create an electric field exceeding the maximum value of the beam’s field.
[image: ]
Figure 1: Potential profiles of a 10 mA H- beam with constant current density (beam radius = 3.1 mm), a clearing electrode biased to ‑1 kV, and the sum of the two. The clearing electrode potential was calculated using the code SAM, in which an approximate geometry of an electron cooling BPM [Ref] was simulated.

From these considerations, we conclude that for a good enough a space-charge dominated DC beam transport can be realized with appropriately placed clearing electrodes at a modest biasing voltage.
Thus, we propose to carry out the following:
· Beam phase space measurements with a DC (nearly) completely neutralized beam.
· Beam phase space measurements with a DC (nearly) completely un-neutralized beam.
Realization
The intent of this proposal is, by the end of CY13, to build and assemble an adequate beam line to perform the experiments described above and compatible with PXIE’s LEBT final configuration. The goal is to have the beam line close to a ‘ready state’ by the end of FY13. In order to achieve the set goal within the budget limitations, various expensive and/or labor intensive elements, as well as components not mature enough to reasonably expect them to be ready for installation in FY13, were excluded. Namely, the beam line would not include:
· the switching dipole magnet
· the chopper (i.e. kicker + absorber)
· Some of the diagnostics needed for normal operation
We also assume that several components already existing at Fermilab would be reused, in particular components currently installed on the HINS beam line (e.g.: vacuum pumping systems, power supplies, controls racks…). The latter is indispensable for the realization of this proposal. The design of the beam line also makes provision for adding elements without modifying the overall layout, but simply by substituting the beam pipe (drifts) with the appropriate element for the section being upgraded.
The Phase I LEBT would be straight and would first comprise at least one solenoid (purchased in FY12) by the end of FY13. If the actual budget and manpower available do not differ from current expectations, it should be possible to finish the assembly of the proposed LEBT in its final configuration (Figure 2) in FY13.
The main features of the LEBT are:
· A newly designed vacuum chamber for the ion source
· Note that it is needed no matter what the final configuration of the LEBT may be.
· Three solenoids
· Purchased in FY12 and built to the PXIE’s specifications
· A long drift between the first and second solenoids
· This is the space needed to install a DCCT and the switching dipole magnet when they are available.
· The last 2 solenoids will be equipped with isolated diaphragms
· Each can be biased to serve as ion stopper electrodes
· They will be used for beam size and position measurements
· They may be used for rough halo measurement
· An ion clearing electrode between the last 2 solenoids
· A ‘Faraday cup’/beam collector with an isolated diaphragm downstream of the last solenoid
The region after the 2nd solenoid is where the beam can be uncompensated when the ion stopping and clearing electrodes are properly biased. There, a turbo pump will ensure that a good vacuum (<10‑6 Torr) can be achieved with beam on. Also, an ion gauge and RGA will be used to monitor the vacuum and its composition locally.
The diagnostics available would be limited to one emittance scanner probe (which would be interchangeable between the vertical and horizontal directions), and a Faraday cup/beam collector. Having an isolated diaphragm just in front of the Faraday cup allows measuring the beam emittance (but not a detailed phase space) without the emittance scanner if its delivery gets delayed.

[image: ]
Figure 2: Final configuration proposed for a straight LEBT (Phase I) allowing various beam characterization measurements. Note that the emittance scanners pictured on the sketch are not concurrent i.e. one emittance scanner would be placed either in the ion source vacuum chamber or in a diagnostics chamber at the end of the line.
Note that on Figure 1, two emittance scanners are shown, while it will actually be the same device moved downstream in a dedicated diagnostics station. Depending on the availability of the various elements, this diagnostics station may be placed at different locations along the beam line.
[bookmark: _GoBack]While the emphasis of the proposal is building and installing the ion source and LEBT at CMTF, in parallel, significant efforts would still be directed towards the design and fabrication of a DCCT and toroid in order to measure the beam current out of the source and after a chopper, respectively. This is the next priority once the complete beam line of Figure 2 is installed. The design of the kicker would also slowly ramp up (the absorber would have a lower priority at this stage). The design and fabrication of the switching dipole magnet would mostly be delayed until FY14, although some small effort is expected in FY13. However, all activities should not impede progress in the installation of the LEBT at CMTF, which is the primary goal in this proposal.
Critical items
While the details of which components from HINS will be available (and compatible with the LEBT requirements) and when they will be available, some elements, whether they would come from the HINS beam line or not, have more impact than others on the schedule and efforts needed.
The emittance scanner is currently expected to be designed and fabricated by SNS, and one probe would be delivered in January-February 2013 (the other later in the year depending on funding levels). And while emittance measurements can still be carried out at the end of the beam line in the current LEBT design, the possession of at least one emittance scanner probe early on is highly desirable. In particular, it is needed to measure the ion source characteristics. Note that borrowing the emittance scanner probe currently used on the ion source at LBL may be possible and is being investigating.
The design of the ion source vacuum chamber is well advanced. However, the fabrication lead time appears to be of the order of 4 months, which impacts the timing of the move of the ion source from LBNL to Fermilab.
If started from scratch, the design and fabrication of the HV rack for the ion source requires a significant effort (manpower), which would limit the plan presented here, mostly from a scheduling point of view. This is one item where the availability of HINS’s part has a very big leverage on what can be achieved, both from the perspective of the manpower needed and cost.
Conclusion
This proposal aimed at moving forward with the construction of a Phase I LEBT i.e. not integrating all the features of the nominal design LEBT, while considering funding restrictions. By focusing on completing the design and fabrication of the more mature elements of the beam line, including those indispensable to make relevant studies, it seems possible to achieve the generation and transport of beam through at least one solenoid (rapidly followed by the whole LEBT configuration shown on Figure 2) with the budget allocated to the ‘warm part’ of PXIE. Important measurements such that the impact of a space charge dominated transport scheme on the beam emittance can be carried out in a much simpler configuration described in this document. Results from the measurements would validate or not the uncompensated transport scheme, hence the final design of the front-end for Project X.
References
[1] http://www-bdnew.fnal.gov/pxie/LEBT/index.htm
[2] R. Baartman & D. Yuan, “Space Charge Neutralization Studies of an H- beam”, Proceedings of EPAC’98, p949 and references within
[3] J.G. Alessi, J.M Brennan, and A. Kponou, Rev. Sci. Instrum. 61:625 (1990)

image2.wmf
H

I

-


oleObject2.bin

image3.wmf
-

H

()

E

b


oleObject3.bin

image4.wmf
-

H

E


oleObject4.bin

image5.wmf
-

2

H

H

1

comp

i

nv

t

s

=

××


oleObject5.bin

image6.wmf
22

HHHHe

-+--

+®++


oleObject6.bin

image7.wmf
2

H

n


oleObject7.bin

image8.wmf
-

H

v


oleObject8.bin

image9.wmf
-1

2

1.6mms

H

v

+

×

=±


oleObject9.bin

image10.wmf
d

L


oleObject10.bin

image11.wmf
2

d

comp

H

L

v

h

t

+

=


oleObject11.bin

oleObject12.bin

image12.wmf
h

»


oleObject13.bin

image13.emf
-1000

-800

-600

-400

-200

0

-25 -20 -15 -10 -5 0 5 10 15 20 25

Potential, V

y (or r), mm

Clearing electrode Beam Sum


image14.emf
41 cm

21 cm

14 cm

23.2 cm

33 cm

35 cm

4.8 cm

(original D-Pace 

vacuum chamber?)

Emittance

scanner

Vacuum valve

Room for 

DCCT

Room for 

dipole

Room for 

chopper + toroid

Ion stopping 

electrode (+V)

Ion clearing 

electrodes (-

D

V)

Emittancescanner

Turbo pump

‘Faraday Cup’

Solenoid Solenoid Solenoid

Ion source

30.7 cm

Ground 

electrode

Vacuum port

2.75 m

Isolated diaphragm


image1.wmf
(

)

2

2

0

12lnfor

()

2lnfor

4

H

H

br

ra

aa

UrU

r

arb

b

I

U

Ec

peb

-

-

ì

æö

+×-£

ç÷

ï

ï

èø

=D×

í

æö

ï

×<£

ç÷

ï

èø

î

D=-×


oleObject1.bin

