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Mask At MI Q301

Dave Johnson, Recycler Department

August 22, 2005

September 2, 2005

Introduction

The electron cooling insert in the Recycler is located above the MI in between MI quads Q305 and Q307 at the Recycler elevation. The return line for the electrons is approximately 12 inches above the MI on the Main Injector centerline. Loss monitors attached to the return line are inputs into the Pellatron protection system to monitor for electron beam mis-steering. Figure 1 shows a cartoon of the MI30 straight section .
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Figure 1: Cartoon of the MI30 layout for Main Injector and ECOOL showing location of  loss monitors and proposed mask (magenta).

These loss monitors are also sensitive to losses in the Main Injector.  Beams-doc 1938 contains slides describing the impact of the losses. Figure 2 shows an example of the MI losses and their impact on the ECOOL loss monitor R:LMR04. 


Figure 2: Plot showing an example of MI beam loss on the MI loss monitor LM302 (cyan) and the ECOOL Loss monitor LMR04 (red) during NuMI mixed mode cycles.

It should be noted that only the loss monitor at Q301 and 302 show any loss correlated to the loss seen on LMR04. Here, all of the loss monitors LMR01 thru LMR06 show roughly the same loss amplitude, indicating a fairly uniform flux of ionizing radiation through out the ECOOL section as seen in Figure 3a and b. 


                                 3a                                                                          3b

Figure 3: Plot (a) shows the MI loss monitor LM301 during slip stacking and the ECOOL loss monitors LMR05 and LMR06.  Plot (b) shows the ECOOL loss monitors LMR01-LMR04. ECOOL was circulating 200 mA of electrons when these pictures were taken.

The initial spike on LM301 occurs during the first 1000 turns (not first turn loss) and the loss seen between the first and second injection is beam being lost during slip stacking.  It is clear from the data in the Main Injector logbook on Aug 3, 2005 that the first turn loss seen on the ECOOL loss monitors went away after the 8 Gev line was re-matched to the MI and re-appeared with circulating beam. Also clear is that the transverse coupling seen at injection was strong enough to transfer motion between the planes in less than 64 turns ! The response on all ECOOL loss monitors corresponds to the losses seen at 301. The increase in DC level of LMR04 is due to ECOOL running beam.  Figure 4 shows response of both MI loss monitors LM301 and LM302 along with the LMR04 monitor in the time period to include the first two NuMI batches.


Figure 4: Response of LM301 (red), LM302 (blue), and LMR04 (cyan) to MI beam loss on the $23 cycle. The MI beam (green) shows 4 injections, with the first two slip-stacked for pbar production  and the next two for NuMI (last three NuMI batches not shown).

The losses seen on LM301, LM302, and LMR04 at 0.225 sec. occur when the MI damper is in the anti-damping mode to clear uncaptured beam from the injection region for NuMI batch injection.  Not shown are the null responses from loss monitors LM303-LM306.  

The Main Injector MI30 straight section lattice is shown  in Figure 5. Here the plot starts at the middle of the quad Q232 and ends in the middle of the quad at Q310. The vertical beta function is given by the dashed line and the horizontal is shown as solid. The vertical beta max is located at each of the verticaly focusing quads. Quads 301, 305, and 309 have a vertical beta max of 62 m. while the beta max at 303 and 307 is 55 m. The horizontal beta max is 56 m at Q302 and 306 and 59 m at Q304 and 308. 


Figure 5: Main Injector lattice functions in the MI30 straight section

The physical aperture through the MI30 straight section is that of the elliptical MI beam pipe with an inside dimension of  120mm (H) by 50 mm (V). The exceptions to this aperture are the Recycler kicker (measured) upstream of Q304 (83.82 mm (H) by 35.56 mm (V) ), the QXR quads located downstream of Q302 and Q304 (nom. 100 mm dia.), and the DCCT located just downstream of Q305 (nom. 100 mm dia.). If we assume that there are no major vertical alignment issues or a large lattice distortion through this region, one would expect to get approximately the same (beta weighted) vertical aperture at each of the locations in the straight section.   Its clear that all ECOOL loss monitors are correlated with losses from 301 to 305. It is also clear that the closer the MI loss point is to the ECOOL section, the more sensitive the ECOOL loss monitors are. This gives an apparent reduced vertical aperture from 301 to 305 as seen on the ECOOL loss monitors. It is also clear that the beam halo fills the vertical aperture at the higher Booster intensities so that only small vertical movement at 305 is seen on the ECOOL loss monitors. 

Vertical aperture scans through out the ECOOL region, i.e. V301, V303, V305 have been done to determine vertical aperture  through this region. Prior to the sacn, the position at VP305 was raised by a mm.  This reduced  losses seen on ECOOL loss monitors, particularly those at the downstream end, LMR05 and LMR06.  Currently, the losses seen on the ECOOL loss monitors at the downstream end are factor 2 smaller than those at the upstream end, clearly a geometry effect. There was essentialy no change seen on the MI loss monitor at 305A. See MI logbook Aug. 25, 2005.








Figure 6: Aperture scans of three vertical locations in MI30. V301 and V303 are upstream of the ECOOL section and V305 is located adjacent to the 180 degree bend magnet, or the upstream end of the cooling insert. These plots show the MI loss monitor (red) at the bump location and the ECOOL loss monitors LMR01 (yellow), LMR04 (green) and LMR06 (cyan).  The red curves are uses to illustrate (a)symmetry of the MI losses.

Figure 6 shows the results of  vertical aperture scans performed at three locations in MI 30 on the first injection of the $23 NuMI mixed mode cycle, with 10 turns (3.6E12/batch) on the pbar production cycles. The three ECOOL loss monitors chosen are at each end and the middle of the ECOOL section.  LMR01 is on the top of the 180 degree bend magnet, just downstream of MI Q305. LMR04 is just upstream of MI Q306 (in the middle of the return line, on the underneath side of the return line . LMR06 is at the downstream end of the return line, just upstream of MI Q307 and the 90 degree bend magnet.

Comparison of the response between the MI loss monitors and the ECOOL loss monitors must take into account the location of the loss monitors in the tunnel. The MI loss monitors are typically located on the MI outside wall about midway between the MI and Recycler, attatched to the cable conduit just downstream of the MI quad. The ECOOL loss monitors on the return line are on the MI centerline and about 12 inches above the MI beampipe. This will make them much more sensitive to small angle showers and beam halo interacting with the beam pipe. 

The ECOOL loss monitors utilize the beamline log amp with a response of

                 Rads/sec = 0.00155 x 10(MADC volts/1.688)  .

The ACNET parameters are plotted on a linear scale so that 1 v on the ECOOL loss monitors corresponds to 0.0058 Rad/sec. and 4 volts on MADC corresponds to 0.351 Rad/sec.

The fast output of the MI loss monitors has full scale range of 10-9 Coulombs with an integration time of 1 ms.  This full scale corresponds to 1 uA input current or 14.28 Rad /sec.

The horizontal scale is the current on the first corrector in the three-bump . This produces about 3 mm/amp at the bump center, so the full scale range of each plot is +/- 6 mm The free aperture from these scans are 301 ~ minimal, 303 ~ 4 mm, and 305 ~ 1.2 mm as measured from the “zero” loss on the MI loss monitors.   Comparison of the “zero” loss width on the MI loss moniotrs can be related to beta’s at these locations by (50 -W303)2/(50 -W305)2  ~ 0.88.  The expected ratio from MAD is 303/ 305 = 55/62 = 0.88. 

Besides the difference in width of the ”zero” loss regions, by looking at the V301 scan, the minimum in the ECOOL loss monitors does not correspond to the minimum in MI loss at LM301. This implies there is a background not necessairly associated with the loss at 301. Raising the beam at 301 to scrape reduces the losses as seen on all ECOOL monitors until te current on the 1st corrector reaches 1 amp, then the losses are correleated with the losses at 301. Note that the losses on all ECOOL loss monitors are the same amplitude. This means that there is a relatively uniform flux of secondaries entering the ECOOL region. As the beam is lowered, the losses on ECOOL monitors increase immediately and seem to be correlated with the losses at 301. The losses at the upstream monitors are always larger than LMR06. As the beam is lowered farther, the losses on the ECOOL loss monitors begin to turn over.

Looking at the V303 scan, we see the ECOOL losses are minimum in the region of 0 to ¾ amp on V301, then they start to rise with the MI loss on the top and before the MI loss when bending down. This loss point is ~100 ft closer than 301. Note that LMR01 is mostly the largest followed by LMR04 and then LMR06 is the smallest loss. As the beam is bent down, the losses increase ~ linearly and start before the losses at LM303 are seen.

Looking at the V305 scan, it is clear that the effective aperture here is zero and that any vertical motion of the beam is seen by the ECOOL monitors. This loss point is yet again 100 feet closer than V303, so the flux per proton lost should be 200 greater than at V301.

According to the MI loss monitor there is a small vertical position where the losses are “zero” (small). There is an asymmetry in this scan. Losses increase faster moving the beam up, than down. The red dashed line in the figure is just the mirror of the loss on the -x azis. The relative loss between upstream and downstream ECOOL loss monitors is different due to geometrical considerations.

The residual activation of the components are indicative of integrated beam loss between times of monitoring. Many locations are being monitored around the Main Injector. The region downstream of Q301 has been activated for some time. The beam valve downstream was re-aligned and a new section of beam pipe was installed d.s. of the valve during last shutdown. There seems to be a significant hot spot on the beam pipe approximately 12 inches downstream of the valve. This has been documented numerous times.  Previous residual measurements have shown on contact readings downstream of the beam valve as high as 10R within a few hours of turning beam off (May 2005). The latest measurement is shown in Figure 6. 

 Beams-doc 1382 (Bruce Brown) contains the results of a simulation by Nikolai Mokhov which estimate the residual dose rates for 107 p/s (8 Gev) on a MI beam pipe in a similar configuration as 301.  The residual (contact) dose rate obviously depends on the activation time and cool down time before measurement.  In a subsequent discussion with Nikolai Mokhov, he indicated that the residual dose rates reported in this document were about a factor 3 too large. I will assume that it will take a factor 3 larger beam intensity to produce the same activation curves. From figure 6 in his document, it takes ~100 days at  3x107 p/s (factor 3 larger than reported on the plot) to produce residual activation of ~ 50 mR/hr four hours after the beam is turned off.  This would scale to a loss of ~6x108 p/s to produce activation levels of 1R/hr.  If the activation time was shorter, say 1 day, it would require a loss rate of on the order of 3x109 p/s. Assuming we run 1.5x1013 p/s  (2 sec NuMI mixed mode),  the fractional loss is ~2x10-4 !  

Preliminary Mars simulations of the loss on a beam pipe and beam pipe plus mask show nearly two orders of magnitude reduction in residual dose outside the mask with the mask in place. More detailed model of the region is being built to include true beam pipe dimensions, the quads and their magnetic fields, loss monitor locations, the tunnel and surrounding soil. MARS simulations are then used  to “Calculate detailed 3-D distributions of star density, prompt, absorbed and residual dose, total and partial particle fluxes, and particle spectra in the mask region and at the ECOOL’s  LMR02.”  (quote from e-mail  from Nikolai).

Figure 7: A record of on contact residual radiation dose (mRem/hr) in MI30 straight section

There are several strategies for mitigating the impact of losses in the MI on ECOOL:

· Adjustments in Booster to reduce halo formation at high intensities

· Adjustments to Main Injector such that no beam is lost in this region (steering and coupling and 

· Collimate the halo in the 8 Gev line

· Collimate the losses in Main Injector 

· Mask the ECOOL loss monitors from the shower (at the monitor or at the source)

· Other… 

Each of these strategies are being pursued at some level, but this note only addresses the addition of a mask on the outside of the MI beam pipe that would reduce the small angle shower downstream. Based upon the residual dose rates the largest beam loss point is just downstream of the beam valve at 301. The residual activation suggest that a factor of 10 more beam is lost at this point than anywhere else upstream of Q303 and a factor of >100 more than anywhere else downstream of Q303. The goal is to install enough steel above and to the sides of the loss point that would attenuate the shower by several orders of magnitude and reduce the prompt shower and the residual activation by a factor of 100.

Based upon the criterion of reducing the residual activity at the loss point by a factor of 100 on the top and sides,  the mask geometry shown in Figure 7 was settled upon. The length of the mask used in the simulation was 50 inches, however the as built length was increased by 10 inches to fit between the beam valve and the 1st ion pump downstream. This set the length to 60 inches. The two inches on the bottom of the mask was chosen to contain the showers produced. 


Figure 8: Cartoon of the cross-sectional geometry of the mask.

A picture of the tunnel in the region of quad 301 is shown in Figure 9. It indicated the the location of the hot spot and the proposed location of the mask. 

Summary:

The addition of the mask is but a single step in the reduction of losses seen by the ECOOL loss monitors. It is not expected to be the whole solution. It is clear that losses created at 301 will be seen by the ECOOL loss monitors. It is also clear that the ECOOL loss monitors also see losses from loss points downstream of 301 as well. The relative contribution from losses at the various locations needs further study, but it is clear that the closer the loss point, the larger a response from the ECOOL loss monitors. Current data suggests that  only a small amount of loss come from first turn halo, but the strong coupling at 8 Gev in the Main Injector will couple the particles with the large horizontal amplitude to the vertical plane. Additional study time is needed to understand and correct this situation. The 8 Gev line collimators in both the horizontal and vertical planes will be used to reduce the large amplitude particles at the largest Booster intensities (turns). Additional study time is also warrented  to document and quantify the impact of the collimators. Lastly,  there are other processes which contribute significantly to the losses seen by ECOOL.  The main culpret is the uncaptured beam during the slip-stacking process. This gets deposited in this region during the slip-stacking process itself, the process of clearing the NuMI injection region by antidamping the particles in the injection gap prior to injection, and the loss of uncaptured beam during acceleration. 

Based upon these processes, it is expected that, in addition to the mask, we will need to pursue the 8 Gev line collimator , shielding the loss monitors locally, and a system to catch the uncaptured beam ( in a specific, shielded location) without spraying it around the tunnel, i.e. MI collimators.


Figure 9: Tunnel geometry of the Main Injector at Q301 showing the quad, beam valve, hot spot, and location of the proposed mask.
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		24

		inches		feet		meters		element				top		bottom

		0		0		0.0		C				0		0

		24		2		0.6						0		0

		48		4		1.2		Q				100		75

		72		6		1.8		Q				100		85

		96		8		2.4		Q		301		100		100

		120		10		3.0		Q				100		75

		144		12		3.7		Q				100		50

		168		14		4.3						100		100

		192		16		4.9		valve				100		100

		216		18		5.5						450		375

		240		20		6.1						2000		1000

		264		22		6.7						500		400

		288		24		7.3						300		300

		312		26		7.9						225		225

		336		28		8.5		IP				150		150

		360		30		9.1						90		125

		384		32		9.8						110		200

		408		34		10.4						100		175

		432		36		11.0						200		200

		456		38		11.6		IP				100		175

		480		40		12.2						100		140

		504		42		12.8						80		140

		528		44		13.4						0		0

		552		46		14.0						140		175

		576		48		14.6		IP				0		0

		600		50		15.2						60		140

		624		52		15.8						0		0

		648		54		16.5						150		175

		672		56		17.1		C				400		250

		696		58		17.7						0		0

		720		60		18.3		Q				150		200

		744		62		18.9		Q				0		0

		768		64		19.5		Q		302		25		40

		792		66		20.1		Q				0		0

		816		68		20.7		Q				15		30

		840		70		21.3						40		60

		864		72		21.9		QXR				0		0

		888		74		22.6		QXR				0		0

		912		76		23.2						50		100

		936		78		23.8						0		0

		960		80		24.4						60		110

		984		82		25.0		ip				0		0

		1008		84		25.6						0		0

		1032		86		26.2						0		0

		1056		88		26.8						30		50

		1080		90		27.4						0		0

		1104		92		28.0						0		0

		1128		94		28.7						0		0

		1152		96		29.3		ip				20		40

		1176		98		29.9						0		0

		1200		100		30.5						0		0

		1224		102		31.1						15		30

		1248		104		31.7						0		0

		1272		106		32.3						0		0

		1296		108		32.9		ip				20		40

		1320		110		33.5						20		30

		1344		112		34.1		c				20		40

		1368		114		34.7		c				0		0

		1392		116		35.4						0		0

		1416		118		36.0		Q				15		40

		1440		120		36.6		Q				0		0

		1464		122		37.2		Q		303		6		8

		1488		124		37.8		Q				0		0

		1512		126		38.4		Q				4		5

		1536		128		39.0						12		11

		1560		130		39.6						0		0

		1584		132		40.2						0		0

		1608		134		40.8		ip				5		5

		1632		136		41.5						0		0

		1656		138		42.1						0		0

		1680		140		42.7						0		0

		1704		142		43.3						0		0

		1728		144		43.9		ip				0		0

		1752		146		44.5						0		0

		1776		148		45.1						0		0

		1800		150		45.7						0		0

		1824		152		46.3						3		3

		1848		154		46.9		ip				0		0

		1872		156		47.5						0		0

		1896		158		48.2						3		3

		1920		160		48.8		k				0		0

		1944		162		49.4		k				0		0

		1968		164		50.0		k				0		0

		1992		166		50.6						4		4

		2016		168		51.2		c				0		0

		2040		170		51.8		c				0		0

		2064		172		52.4						0		0

		2088		174		53.0		Q				0		0

		2112		176		53.6		Q				0		0

		2136		178		54.3		Q		304		0		0

		2160		180		54.9		Q				0		0

		2184		182		55.5		Q				0		0

		2208		184		56.1						2		2

		2232		186		56.7		qxr				0		0

		2256		188		57.3		qxr				0		0

		2280		190		57.9						4		4

		2304		192		58.5		qxr				0		0

		2328		194		59.1		qxr				0		0

		2352		196		59.7						6		4

		2376		198		60.4						0		0

		2400		200		61.0						0		0

		2424		202		61.6		ip				0		0

		2448		204		62.2						0		0

		2472		206		62.8						0		0

		2496		208		63.4						0		0

		2520		210		64.0						0		0

		2544		212		64.6						5		3

		2568		214		65.2		ip				0		0

		2592		216		65.8						0		0

		2616		218		66.4						0		0

		2640		220		67.1						0		0

		2664		222		67.7						10		13

		2688		224		68.3		ip				0		0

		2712		226		68.9						8		8

		2736		228		69.5		c				0		0

		2760		230		70.1						0		0

		2784		232		70.7		Q				0		0

		2808		234		71.3		Q				0		0

		2832		236		71.9		Q		305		0		0

		2856		238		72.5		Q				0		0

		2880		240		73.2		Q				0		0

		2904		242		73.8						2		2

		2928		244		74.4						0		0

		2952		246		75.0						0		0

		2976		248		75.6						0		0

		3000		250		76.2						0		0

		3024		252		76.8						0		0

		3048		254		77.4						0		0

		3072		256		78.0						0		0

		3096		258		78.6						0		0

		3120		260		79.2						0		0

		3144		262		79.9						0		0

		3168		264		80.5						0		0

		3192		266		81.1						0		0

		3216		268		81.7						0		0

		3240		270		82.3						0		0

		3264		272		82.9						0		0

		3288		274		83.5						0		0

		3312		276		84.1						0		0

		3336		278		84.7						0		0

		3360		280		85.3						0		0

		3384		282		86.0						0		0

		3408		284		86.6						0		0

		3432		286		87.2						0		0

		3456		288		87.8		Q				0		0

		3480		290		88.4		Q				0		0

		3504		292		89.0		Q		306		0		0

		3528		294		89.6		Q				0		0

		3552		296		90.2		Q				0		0

		3576		298		90.8						0		0
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