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1. History and Explanation of the Problem

Since 2005, the T-980 experiment [2-5] has been devoted to studying applications of bent crystal collimation by replacing conventional tungsten scattering targets with short (~5mm) bent crystals to investigate/improve the efficiency of a 1-TeV proton beam collimation.  A number of new crystals have been manufactured and sent to Fermilab.  These crystals are mounted in one of two goniometers in the test region of the Tevatron at E0.  The crystals are used to channel protons at 980Gev for the purpose of investigating crystal based collimation.   Since 2005, there have been 7 different crystals used for these studies.  The crystals are unique in almost every manner and are varied in manufacturing type and performance characteristics.  The crystals are typically characterized with proton beams at the CERN H8 beam line or with x rays to establish a baseline for characterization.   Characterization usual measures important crystal parameters such as crystal bend angle and the crystal miscut angle.
The quasi mosaic crystal (QM-01-10) was installed in the Tevatron in the Summer of 2010. It was manufactured at Petersburg Nuclear Physics Institute (PNPI) in Gatchina, RU by Yuri Ivanov.  It has been used for beam studies for 5 end of store study periods totaling about 10-12 hours of beam. 
Typical measurements were carried out with QM-01-10 including angle scans which are used to identify the channeling point (CH) for the crystal.  Even though much beam time was devoted to angle scans for this crystal, a clear and efficient channeling process was never demonstrated.  This was a much unexpected result because this type of crystal is very robust and serves as a potential prototype for the first future tests in the LHC.  Since considerable time was devoted to establishing channeling in this crystal, there is a great interest to provide understanding and an explanation as to why QM-01-10 did not produce sufficient channeling.  There have been many questions about certain topics that might explain the reason this crystal did not perform well.  Some of the questions that have been raised are: “is the beam hitting the Si part of the crystal?”, “is the alignment of the crystal to the beam correct?”, “is there sufficient counting rates in the detectors used to detect channeling in the experiment?” and “is the crystal damaged or deformed in some manner?”.  This paper will attempt to explain measures that were used in the initial crystal setup, alignment, vacuum preparation, beam scans and post beam analysis to help answer these questions.   From this analysis, is it believed a conclusion to why the QM-01-10 had poor performance can be explained.  
On Feb 10, 2011after a series of unsuccessful angle scans, there was good evidence to support a possible strong channeling peak had been discovered at an angle of -1650 rad from an angular scan preformed.  The results of the angular scan can be seen in Figure 1.  The large loss increase in the signal T:E1LBNC in the plot is a typical signature that CH beam from the crystal is being intercepted by the E03 vertical collimator and losses are created.  Further details, explanations of the experimental setup and examples of angle scans and collimator scan data can be seen in section 3.1.  Collimator scans were then completed with the crystal placed at what was believed to be the channeling angle (-1650 rad).  A collimator scan inserts the downstream E03 vertical collimator into the beam.  The loss profile as the collimator intercepts the CH will produce a profile of a shoulder.  The shoulder profile is a clear indication that the give angle is the CH angle.   However, the results from the collimator scans were confusing and not consistent with a displaced beam at the collimator from a 120 rad bend for the QM-01-10 crystal.  The estimated displaced CH beam will be 3.3 mm vertically up from the circulating beam 27.7 m downstream from the goniometers at the E03 collimator.  The measured displacement was found to be anywhere from 4.9 to 3 mm above the core.
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Figure 1.  Initial large angular scans for the quasi mosaic crystal QM-01-10 depicting losses associated with the possible CH point at -1650 rad.
This was the best data that could be achieved during the entire study period for the QM-01-10.  Since the schedule for the study period included many more topics with limited study time there was little more time devoted to investigating and explaining the confusing results for QM-01-10. However, given the unexpected performance and new results discovered post experiment a continued investigation is necessary.  
2. Pre-Installation

2.1 Goniometer and Crystal Preparation for Installation
It is quite common for crystals to be replaced in the goniometer but the timing and preparation needs much attention.  Since there are very few long shutdowns for the Tevatron during the Collider II run, replacing the crystals in the goniometer can take place in two opportunities.  The first opportunity is the yearly scheduled long shutdown which is on the order of 3 to 10 weeks long.  The second are opportunistic unscheduled downtimes that are roughly 10 hours to 1 week long. In either case, there is a set of general preparations that must take place. Since, the goniometer and crystal are operating in a high vacuum environment of roughly 1 x10-8 to 1x10-10 torr, there is a strict vacuum certification process that must be adhered to in order for it to be certified to be installed in the tunnel.  The typical process usually involves the following steps. The pre-characterized crystals that were designed for a specific beam test are received at Fermilab. Typically these crystals are manufactured by institutes that are part of the T-980 collaboration such as PNPI or INFN.  Crystals have been chosen mainly by the collaboration as the best tests for crystals.  These crystals have been different styles and are usually characterized with beam in the CERN SPS or H8 beam line through UA9. Once the crystals have arrived the mounting assembly must be assessed to confirm that is will work in the goniometer to which it will be installed.  If there is enough time, the crystals are pumped down under vacuum and initial vacuum loads are assessed.  The goniometer then must be removed from the tunnel.  This involves about 10 hours of vacuum work purging with dry nitrogen attempting to keep as much contamination out as possible.  Once the goniometer is out of the tunnel it is transported back to a clean room where most internal work will be completed.  The crystals are then replaced and ready for alignment.   Alignment of the crystals which involves referencing the crystal to the virtual beam center of the goniometer vessel usually takes 1 to 3 days also involving an alignment crew.  Once the alignment is complete, the goniometer is vacuum pumped down and leaked check.  If the vacuum is within standards, the goniometer and crystal are placed in an oven or wrapped with heat tape for about 5 days and baked at a temperature of 100(C.  This process help drives out the water and other contaminates to help achieve vacuum of better than 1E-8 torr.  The temperature of 100(C was chose to be low enough so as not to produce any deformation to the crystal or holder.   Once vacuum baking is completed, the controls and lasers (used to measure angle of crystal) are tested.  The goniometer is then returned to the tunnel on a soft wheeled cart to avoid jarring motions to components that can lead to misalignment.  The goniometer is reinstalled in the Tevatron and vacuum pumped back down and leak check.  It is then aligned to the proper position and the controls are connected and tested.    The following sections of 2.2 and 2.3 will describe baking and vacuum certification process in more detail.  The process described is a general procedure that has been used for all crystals installed in the Tevatron including QM-01-10.
2.2 Details of crystals and QM-01-10
One important item that arrives with newly built crystals is all the technical data that comes with it usually in a document called a passport.  In the past, there sometimes have been little technical data is it makes it harder to troubleshoot problems with either installation or operation of the crystal during beam test.  It has been helpful that any data at all be provided with a crystal.   It is also helpful that crystals be stamped or etched with a name and some of the important characterization information especially bend angle and direction of miscut.  This section has included many examples of useful crystal data.  One piece of data that has been talked about being part of the passport for crystals is a 3D scan of the crystal outlining all dimensions.  This has not been part of the process yet but it would be a helpful piece of data.  

The data that is presented is specifically for the quasi mosaic crystal QM-01-10.   Table 2 outlines some general crystal parameters for crystals that were previously aligned and used including QM-01-10.   Figure 2 is a diagram of the physical dimensions of QM-01-10.  Some of the dimensions were measured with a microscope and electronic XY table while others were taken from a caliper.  Figure 3 are examples microscope pictures of QM-01-10 used to measure dimensions.
Table 2. Parameters of previously aligned crystals.
	Name
	Sub, orient
	s(mm)
	y(mm)
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	O-05-09
	Si(110) pl
	5
	5
	360
	13.889
	120(20

	QM-01-10
	Si(111) pl
	2
	2
	120
	16.67
	50(10

	MS-08-09
	Si(111?)ax
	2*8
	50
	200
	10.0
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Figure 2.  QM-01-10 dimensions. 

[image: image7.jpg]



Figure 3.  QM-01-10 microscope pictures of the Si surface. Left is looking down on the crystal.  Right is looking at at height of crystal.   Microscope is used to get detailed measurements of surfaces.
2.3 General Alignment and alignment of QM-01-10
Alignment is critical for proper operation of the crystals in the beam.   Once a crystal is mounted in the goniometer, a Fermilab alignment crew begins the process to reference or align the crystal to the virtual beam center of goniometer.  First the goniometer vessel must be referenced to assess the pitch, roll and yaw so that a center line for the vessel can be established.  Once the vessel center line is established, the crystal can be aligned to the center line of the vessel.  The vessel is then baked and vacuum certified and ready to be aligned in the tunnel.  When the vessel is aligned in the tunnel, there is a beam center line this is matched up the vessel center line.  Figure 2 is a picture of the vertical goniometer with the end cap removed and a crystal mounted ready to align.  The square pads on the ring vessel are used for attaching the surveying equipment. 
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Figure 2.  Example of the vertical goniometer showing the crystal to aligned and referenced. 

The PNPI quasi mosaic crystal (QM-01-10) was first aligned in the vertical goniometer on 7-7-2010.  It was mounted in the upstream end of the vertical goniometer and will channel (CH) in the up direction.  Figure 3 is a picture of the QM-01-10 crystal as it is mounted in the vertical goniometer.  The 2 crystals shown in the picture are separated by a bar that is .5m long.  The crystals are designed to have a 19.4mm (776mils) vertical separation for one crystal to be parallel to the beam and the other crystal to be out of the beam.  This correlates to an angle of 38.8 mrad.  One crystal during operation is designed to be in the beam while the other crystal will be out of the beam. Only one crystal at a time can be inserted in the beam in the vertical goniometer.  
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Figure 3.  Depiction of quasi mosaic crystal QM-01-10 as is sits in vertical goniometer. 

Instructions for aligning the crystal were provided for previously installed crystals such as the O-05-09 and MS-08-09 from Yuri Chesnokov from IHEP.  Since there were no specific alignment criteria specified for QM-01-10, similar general tolerances were assumed from the previous alignment of crystals.  Figure 4 is a picture that was used as a general alignment guide for aligning crystals.  Table 1 lists general alignment criteria that have been used for aligning various different types of crystals including O-shaped, multi-strip and the quasi mosaic QM-01-10.


[image: image10]
Figure 4.  IHEP crystal alignment reference and guide.

Table 1. General Alignment Criteria for various types of crystals.
	Crystal Type
	Alignment tolerance

x (mrad)
	Alignment tolerance

s (mrad)
	Alignment 

tolerance

y (mrad)

	O-shape (O)
	< 3
	< 3
	< 3

	Multi-strip (MS)
	< 2
	< 20
	< 3

	Quasi Mosaic (QM)
	< 3
	< 10
	< 3


The tolerances used for alignment of QM-01-10 was an error in roll x  < 3mrad and an error in yaw or  s  < 10mrad.   The pitch or y is the angle that is moved in order make an angle scan and it is the direction of travel for the goniometer.  This angle (y) is made to be as close to 0 as possible by offsetting one end of the .5m bar by 776 mils or 19.4mm.  Offsetting the bar by this value is the design of the goniometer to make the crystal that is “in the beam” have y = 0 mrad. 
The actual measurements as QM-01-10 was survey on 7-7-2010 can be seen in Figure 5.   The 
y plane was made as close to 0 as possible.   The roll or  x  was measured to within  2.31 mrad close to the excepted value of 3mrad.  The yaw or s  was measured to within  -6.9  mrad  under to the excepted value of 10 mrad. 
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Figure 5.  Alignment values for Yaw and Roll for Crystals installed in Tevatron.

Table 3 is historical survey data from previous crystal installations depicting yaw and roll errors and errors from center of beam line including QM-01-10.
Table 3.  Tevatron crystal alignment errors..

	Crystal
	Date
	Goniometer
	Yaw error (mrad)
	Roll error (mrad)
	Error from center of crystal (inches)

	O-BNL-02
	 April to July 2004
	horizontal
	
	
	

	ST-FNAL-07
	June 2008 to Jan 2009
	horizontal
	
	
	

	O-BNL-02
	April to Aug 2008
	horizontal
	
	
	

	O-05-09
	June 8,9 2009
	horizontal
	NA
	9.99
	delta x = .036  deltz z = .040

	MS-08-09
	July 17, 2009
	vertical- dnstream
	NA
	NA
	

	O-BNL-02
	July 17, 2009
	vertical - upstream
	NA
	0
	

	QM-01-10
	June 17, 2010
	vertical - upstream
	-6.91
	2.31
	delta x = .001

	MS-16-10
	June 17, 2010
	vertical- dnstream
	8.9
	1.8
	

	MS-08-09
	February 23, 2011
	vertical - upstream
	0.6
	0.6
	delta x = .022

	MS-16-11
	February 23, 2011
	vertical- dnstream
	14.5
	2.1
	delta x = -.022


2.4 Goniometer Vacuum and Crystal Baking Criteria 

Typically, crystals installed in the Tevatron beam tube vacuum have to be vacuum certified to the Tevatron standards for high vacuum.  This requires that all crystal be baked to a temperature of 100(C.  Little to no physical cleaning can be done on these crystals because the crystals and are sensitive to cleaning chemicals like alcohol.  Cleaning chemical can potentially damage the Si crystals or etching on the crystals.  Damage from cleaning can also result in deformation of the bend angle. Usually only finger prints that appear on the metal or support structure are carefully wiped off with a vacuum certified cloth.  Since the Si part of the crystal is very fragile, touching the Si is guarded against.  Also, touching any of the alignment screws on the crystal mounting block is avoided.  Moving any of the mounting screws will certainly lead to bend deformation.   Baking the crystals is also an operation that requires carefully attention.   All the crystal, that have been installed in the Tevatron have been baked to 100(C which helps drive out water.   There has been no observation or record of mechanical deformation to the crystals used in the Tevatron due to baking to 100(C.   However, 100(C was chosen as a minimal temperature that will still drive out water but not high enough to deform crystals.  There have currently been no tests conducted to determine maximum baking temperatures vs. bend deformation.   Vacuum bake out for T980 usually is carried by vacuum pumping the entire goniometer with the crystals mounted to near vacuum pressures of 1x10-9 torr then wrapping the goniometer in heat tape.  The temperature of the vessel is raised slowly over 1 day until 100(C is reached.  The vessel is left for 5 days at 100(C at which it is brought back to room temperature by turning off the heating elements.  Sometimes an oven is used to bake the vessel (Figure 6) but usually T980 uses heat tape applied directly to the goniometer.  An example of the bake temperature in the vessel and vacuum pressure over the length of the baking process can be seen in Figure 7.   Residual Gas Analysis (RGA) scans are then taken before and after the bake to determine breakdown of gas pressure by atomic number.  Figure 8 shows and example of an RGA scan before (top plot) and after a vacuum bake of a crystal.  The vacuum certification level for a component being able to be installed into a Tevatron warm section is maximum pressure of 1x10-8 torr. 
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Figure 9.  (Left) Baking oven that can be used to bake goniometers at 100(C  for 5 days.  Heat tape is also used. (Right)  Goniometer vessel temperature and pressure during the baking process to improve vacuum.
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Figure 10.  Results of Residual Gas Analyzer (RGA) for particles pressures of gas components vs atomic mass units (AMU).  Top plot is pre bake and bottom plot is post bake results. 
Table 3.  Typical mass number of different substances that contribute to vacuum problems.

	Substance
	mass number /percentage of major peak

	hydrogen
	2/100

	Methane
	16/100

	ammonia
	17/100

	water
	18/100

	nitrogen
	28/100

	carbon monoxidde
	28/100

	ethylene
	28/100

	air
	28/100

	propane
	29/100

	Isopropyl Alcohol
	45/100

	hydrogen
	2/100
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Figure 2.   Vertical Goniometer vacuum vessel and Tevatron vacuum page T18 for vacuum readout during crystal operation.
3. Experimental Setup and Data

3.1 Experimental Setup

The T-980 setup [2-5] is located in the Fermilab Tevatron tunnel in the E0 straight section (Fig. 1). The experiment utilizes 2 goniometers which are the devices used to change the angle of the bent crystal relative to the beam.  The vertical goniometer is capable of producing a total angular range of 16 mrad with a single step of 0.25 rad while the horizontal goniometer can produce a total range of 8 mrad with a single step of 1 rad.  The upstream goniometer contains 2 crystals which are mounted in the vertical orientation. Since both multi-strip crystals are mounted in the vertical goniometer, it means the beam that is multiple volume reflected by the crystal will be displaced vertically above the circulating beam 27.6 m downstream at the secondary collimator E03. The downstream goniometer houses only one O-shaped crystal.  This crystal is mounted in the horizontal plane where beam that is channeled from the crystal will be displaced -4.5 mm to the horizontal radial inside of the circulating beam 23.9 m downstream at E03. E03 is a standard 2 plane “L” shaped Tevatron collimator capable of intercepting both horizontal and vertical displaced beams from the crystal upstream.  Pin diode and scintillator detector systems are used for enhanced beam loss instrumentation.  They are used to detect scattering from crystals and are capable of distinguishing loss in time with the bunched beam or the abort gap. The pixel detector is located 1.5 m in front of E03 and has the capability of moving independently in both planes. Typical beam conditions used for these studies consisted of protons and antiprotons that were kept at the end of collider store with beam energy of 980 GeV, a collision low-beta lattice and a proton beam intensity ~ 7×1012. Only protons were used for studies.
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Figure 11.   Tevatron Experimental (T980) Layout at E0 for bent crystal studies.
3.2 Dates for Beam Studies Using QM-01-10
Table  4.  Summary of beam studies involving quasi mosaic crystal QM-01-10.

	Date
	Focus of Study

	July 2010
	Installed in Vertical Goniometer

	Oct 27, 2010
	First angle scan with beam-No CH found

	Nov 1, 2010
	Scanned crystal with beam , Angle scan – No CH

	Dec 9, 2010
	Increased direction for angle scan – No CH

	Feb 2, 2011
	Increased direction for angle scan – No CH

	Feb 10, 2011
	Believed to find CH at -1650urad. Made Collimator scans . Results are hard to determine.

	Feb 18, 2011
	Removed crystal from tunnel


3.3 Crystal Angle and Collimator Scans Results
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Figure  12.  Angle scan of QM-01-10 for a good signature of channeling.
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Figure 13.  Collimator scan of QM-01-10 from  Feb 10, 2011 with crystal angle in what was believed to be CH.  a)  Possible crystal channeling signature of low efficiency.  b) Large amorphous scattering profile.
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Figure 14.  Angle scan of QM-01-10 for a good signature of channeling.
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Figure 15.   Angle scan of QM-01-10 for a good signature of channeling.

Table 5. Collimator scans for Quasi Mosaic crystal QM-01-10.

	Collimator Scan #
	QM crystal angle (urad)
	Fitted displacement from beam core (mm)
	Crystal position

	C1
	-1729
	NA
	Near or channel (CH)

	C2
	-1729
	NA
	Near or channel (CH)

	C3
	-1729
	-2.6
	Near or channel (CH)

	C4
	-1695
	-4.9
	Near or channel (CH)

	C5
	-1684
	-3
	Near or channel (CH)

	C11
	-1145
	NA
	Amorphous (AM)


3.4 Beam Scans of the Crystal Aperture

On Nov 1, 2010 an end of store (EOS) study was conducted to scan the profile of the QM-01-10 crystal with beam to verify that beam was hitting the center of the Si crystal.  On Oct 27, 2010 the first angle scan of the QM was completed but did not yield a clear channel point.  Therefore, it was decided that during the next study period it should be determined if beam was hitting the Si crystal or the metal holder. Following are 2 plots of the scan depicting loss monitors and beam position monitors used during the scan. The QM crystal was moved vertically into the beam and then a E0HPOS (E0 horizontal Position  bump) was made which moves beam horizontally across the crystal.  The bump is designed to be fairly centered at the crystal.   The crystal was only scanned in the ( + ) positive or radial outward direction from 0 m to 7.5mm. While conducting the horizontal scan, there was a loss detected when the beam position monitor at D49 (HPD49) = 4.45 mm and the beam position monitor at E11 (HPE11) = 3.28mm.  This corresponded to beam position bump at the crystal (E0 HPOS bump) of 4.32mm.  There is good evidence to from the dipole scans that the beam is hitting the Si crystal within .7 mm of the middle of the crystal.
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Figure 16.  Shows result of a horizontal radial outside beam scan.  It estimates that beam is hitting the crystal .7 mm from the center to the radial outside or 4.31mm from the outside edge.

Figure 14 has been inserted just for documenting the details for generating the bumps and the data that followed for making these dipole bumps.
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Figure 17. Plots left), middle ) and right) showing results of a  beam scan to determine if beam was hitting the Si crystal or the metal holder.  It was determined it was hitting the Si crystal 

was gathered  during the horizontal beam scan of the QM crystal.  The Fig 14 are plots of the beam loss monitor and beam position monitors during the horizontal scan across the crystal.  There are present just to document the bump and positions if needed.

3.5 Slow Change in Horizontal Beam Position across the QM-01-10
Now during the collider run positions in the Tevatron ring are sometimes updated or modified based on controlling losses and optimizing performance.  It was noted that one possibility for the crystal not channeling is that the beam position at the crystal was modified or changed for collider performance which resulted in beam hitting off center or at the worst case striking gthe holder.  There was a small -.7 mm shift in the beam between when the first horizontal beam scans were conducted on the November 1, 2010 and additional angular scans past the Jan 18, 2011 date.  The beam was operationally moved on Jan 18, 2011 across E0 which did move the beam at the crystal.  However, since the original scan marked the beam as being ~ .7mm off to the radial outside the shift of .7mm to the inside from the operational bump should have placed the beam hitting the crystal close to the center.   The following are plot s and BPM files documenting changes in orbit. 

Table 6. Dates and BPM file numbers used for beam studies

	Date of Beam Study
	T39 file number
	Comment

	Nov 1 , 2010
	13
	

	Feb 10 2011
	167
	

	Feb 2 , 2011
	163
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Figure 18.  Plot of beam positions (BPM) during study.
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Figure 19.   Horizontal position across the crystal has changed by -.7 mm between time QM was scanned with beam and collimator scans were attempted.

4. Post Experimental Data

4.1 Results of Radiation Scan of QM-01-10 

After QM-01-10 was removed from the tunnel and inspected on Feb 18, 2011, a mandatory radiation survey was completed to check if the crystal is obligated to categorize with a radioactive class label.  The radiation survey used a common Fermilab frisker and resulted in a measured count rate of ~ 2000 counts per minute on contact.  This is a typically larger count rate compared to previously removed crystals which were ~ 200 counts per minute on contact.  The feeling was that this might be important information to provide an explanation to why channeling was not demonstrated  from the crystal.   A detailed radiation scan was performed to try to identify a specific location on the crystal that was more radioactive that the rest.   The crystal was placed on a XY scrollable table that could be moved in X and Y directions at ~ 0.5mm steps.  The frisker was connected to a resettable rate counter.   A detailed scan was conducted at .5mm steps. Each step counts on the frisker were integrated for 1 minute and logged.  A special frisker probe was used which was a lead cover with a 1 mm hole in the lead to reduce the active area of the probe.  The left plot in Figure 17 shows the plot of counts/sec across the crystal.  The right picture of Figure 17 shows the direction of travel of the scan on the crystal and the approximate center of the location of the resulting data.  The data suggested that the peak count rate was at 14.3 mm from the radial outside of the crystal.  This placed the radioactive part of the close to the beam center of the crystal.  Although this was good information, it did not pinpoint a specific location on the crystal that might provide any information to why it did not channel.  It was decided that a better technique would be needed to get a clearer picture of where the beam was hitting the crystal.
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Figure 20.  Radiation scans of crystal QM-01-10.  A frisker with a 1mm diameter hole was scanned across the crystal to determine the radioactive profile. Left is result of count rate vs. position across the crystal.  Right is picture of crystal depicting details or scan and resulting location of radioactive center. 

4.2 Results of Radiation Decay of QM-01-10 

In addition to a detailed radiation scan across the QM-01-10 crystal, a radiation decay analysis was also conducted.  This was just a simple measurement made with a Fermilab Frisker over a long period of time to determine the radioactive decay rate.  It was thought that this might provide helpful insight as to what material might be activated.  Comparing the half-life of the material would either point to the stainless steel holder or the Si crystal itself.  For 55 days the count rate from the frisker was measured and recorded.  A plot of the resulting data is shown in Figure 18.  A half-life of ~30.3 days was determined.   For reference, the material of the QM-01-10 holder is stainless steel 12X18H10T in Russian notation or 321 H in American analog notation. The typical material composition for 321H stainless steel can be found in Table 7.  This composition will be important to help determine the main elements responsible for a half-life of 30 days.   Table 8 provides a list common radioactive half-life of isotopes possible for the holder composition.  51Cr  has a 27.7 day half-life compared to the 30 days which was measured.  Since Cr  makes up 17-19% of the composition of the crystal holder, it is a fair conclusion to state that the holder is the large radioactive emitter.  This knowledge is again helpful information is trying to determine where the beam was hitting.
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Figure 21.  A Radiation survey over time of QM-01-10 was performed to determine the half-life.

Table 7. Material composition of QM-01-10 stainless steel holder.

	Material content of stainless steel 321 H holder
	% composition of material

	C
	.12

	Si
	.8

	Mn
	2

	Ni
	9-11

	S
	.02

	P
	.035

	Cr
	17-19

	Cu
	.3

	Ti
	.6 - .8

	Fe
	the balance


Table 8. Common radioactive half-life of elements.

	Isotope
	Half-life

	55Fe
	2.73  years

	59Fe
	44.503 days

	60Fe
	2.6x106 years

	50Cr
	1.8x1017 years

	51Cr
	27.7025 days

	52Mn
	5.591   days

	53Mn
	3.74x106 years

	54Mn
	312.3 days

	63Ni
	100.1  years


4.3 Results of Radiographic Photograph of QM-01-10 

Radiographic photographs were taken of QM-01-10 crystal in order to determine where the beam was impinging on the crystal.  There were many questions conjecturing that there may have been an alignment problem or the crystal was surveyed wrong resulting in beam striking the holder.  A photographic setup was devised using some old black and white Polaroid film from the Fermilab stock room.  The film used was Polaroid black & white 667 with ISO3000 and at the time had an expiration date of 2005 stamped on the box.  Two photographic setups were eventually used to take the radiographic images.  An example of the first setup can be seen in Figure 19.  The setup is very simple where the crystal was placed directly on the film and then exposed for a number of days.   It took several attempts to determine the number of days to get reasonable exposes.   Weak images could be seen with exposes of 3 to 4 days and good images could be seen with exposures of about 7 days.  It was noted that the crystal must sit on or as close as possible to the film.   Early attempts where the crystal was raised above the film by up by as much as an inch did not produce pictures with enough clarity.  Also, at the end of the exposure period, a small hole was made in the cardboard of the film box at the edges of the crystal holder so that the radiograph image could be referenced to the crystal holder.  Poking the hole exposed the file to light leaving a circle.  Examples of radiographic images for this initial technique can be seen Figure 20. 
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Figure 23.  Picture showing setup for film and crystal in order to perform  radiographic photos for QM-01-10.

On the image in Figure 20, the witness holes made by poking the hole in the cardboard can be seen at the bottom of the left picture.  It should also be stated that the film is inverted as it come out of the film holder and this inverts the image on the film compared to the picture in Figure 19.  The red circle is a measured 10 mm guide that denotes where the 10 mm channel on the crystal is located.  (Use Figure 13 as a crystal reference).  It should also be stated that the white small holes inside the red 10 mm circles are not on the photograph.  They are holes that were poked in the film to confirm the inverted orientation of the image relative to the setup picture.   The white triangular image on the radial inside at ~ 5mm for the center of the red circle is the image produced by the radioactive stainless steel holder.  The picture clearly shows that the radial inside of the top of the holder is radioactive.   However, no statement about the beam striking the crystal can be concluded because the crystal at least a distance of 5mm from the film which is too far to produce a clear image.   Therefore, an additional setup was used to try produce an image on the crystal itself.  Figure 21
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Figure 24.  Radiographic photos for 1week (left) and 50 hours  (right) exposure of the QM-01-10 in an attempt to determine what part of the assembly was in contact with the beam.  
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Figure 25.  Depiction of how the radiographic photos for the QM-01-10 was taken using a radioactive source to image the back of the crystal holder to reference and get a good scale of the crystal on the film.
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Figure 26.  Radiographic photos of QM-01-10.  The left picture is raw image with physical dimensions added.  The right picture has been enhanced using photoshop and the picture of the QM crystal over laid to show locations that are activated.

4.4 Counting Rates and Configuration of LE0PIN loss monitor for  QM-01-10 

There have been some questions concerning the function and reliability of the LE0PIN detector.  The detector was originally placed in the location near the horizontal goniometer for an indication of near nuclear interaction with the crystal.  The LE0PIN is a useful monitor but does has limits in using it.  
This device has two 1cm pin diodes mounted 4cm apart, which gives an acceptance of around 30 degrees. They are in coincidence if triggered within about 200nS of each other, a very generous window. The pair is pointed at the horizontal crystal facing in the upstream direction at roughly an angle of 45 degrees. The pulses from the PINs are read by an analog rate meter which gives a voltage output. This is based on an Analog Devices AD650 Frequency to voltage converter. 
Since the vertical goniometer is approximately 3.7 meters from the PIN however, it is well outside the angular acceptance of this instrument. Also that distance greatly reduces the angular size of the PINs from the viewpoint of the vertical crystals. These may be the main reasons for the poor sensitivity of the PIN while scanning the angle of the QM-01-10 in the vertical goniometer.  However, this is most likely only an effect on the LE0PIN.  There are 5 additional loss diagnostics that can also be correlated and used.
Rate estimate  .5cm/46.3       for Si 108/2.37 density   interaction length.

For halo  1x1010 particles ~ 10000 is nuclear interaction rate of crystal.  

Portion lost at crystal to be counted to pin diode ~ 10% 

Therefore,  show be a rate of ~ 1000
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Figure 27:   Looking down at the horizontal goniometer and the LE0PIN detector for orientation.

[image: image31]
Figure 28:   Looking down at the horizontal goniometer and the LE0PIN detector for orientation.

5. Conclusions

The purpose of this document was to outline the problems of not being able to channel beam through it that occurred with the quasi mosaic crystal QM-01-10 and try to provide a basis for reasons from work that has been performed.    The data from the beam studies were reanalyzed, beam scans of the crystal, post beam radiation scans and radiation decay studies and well radiographic photographs all give helpful individual pieces of the puzzle.   The problem is there is not a single clear reason why the crystal did not perform well.  Let’s look at all the data taken from the different areas.   The first thing that is not normal are the angle and collimator scans taken during the beam studies.   Out of the 5 period of beam angle scan only one produced a clear and consistent enough peak to perform an optimistic collimator scan.  From those 11 collimators at CH peak, VR peaks or AM angles, a subtle CH displacement was recorded with a measured displace of ~ -3mm and estimated efficiency of ~ 25%.   However, during angle scans there were many peaks that would present but corresponding collimator scans did not produce any shoulder for the CH beam.   Immediately, the orientation of crystal is brought into question.  A horizontal scan of the of the beam across the crystal was performed as outlined in detail in section ??.  The results from the scan of the beam horizontally across the crystal were hitting the crystal ~.7mm from the center of the crystal.  This induced confidence to continue further angle scans.  At the time of the bema studies, it was thought that maybe there was an error in initial alignment.  Therefore, it was decided to increase the angular range of the scans.  There goniometer has an angular range of 16 mrad but the laser system that measures the angle only has a 4 mrad range.  The laser was offset and the angular range extended.  However, again no clear signature of CH was presented.   Once the beam time was completed, all the alignment data was reanalyzed and again the data suggested that tolerance and errors for the survey crystal were all within limits.   The crystal roll, pitch and yaw errors were initially surveyed with errors of 2mrad, -6.9mrad and 0 respectively.  The estimated allowed tolerances were 2mrad , 10mrad and 0 respectively.   Table ?? provided a history of initial survey tolerance of crystals that CH as expected.  Therefore,  with the initial alignment data coupled with the beam scan of the crystal there does not seem to be a problem with the initial alignment of the crystal.     
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Figure 29.  3 types of crystals used in the Tevatron. O-shape, multi-strip and quasi mosaic.
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6.1 Document from Yuri Chesnokov about alignment (June 2009)

(email from Yuri C.  for tolerances for aligning multistrip crystal )

Dean, Rob,

See picture attached. As Dean said yesterday, the measured values of alpha_x and alpha_s

are 10 to 20 mrad. Comment from Yury Chesnokov:

1. It is OK for alpha_s

2. alpha_x MUST be reduced to 1 to 2 mrad. As shown in the picture,

    it can easily be done by unscrewing two screws, adjustment and

    screwing those again.

                                   Nikolai

[image: image36.jpg]alpha-x should be about
1mrad!

N

improvement of alpha-x is
needed. It can be done with
two mounting screw in
duralumin holders.

beam





Figure
Parameters of crystals:
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	O-05-09
	Si(110) pl
	5
	5
	360
	13.889
	120(20

	QM-01-10
	Si(110) pl
	5
	5
	315
	16.129
	195(20

	MS-08-09
	Si(111?)ax
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	50
	200
	10.0
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O-shaped 5o_h: in old horizontal goniometer

O-shaped 1o_v: in new vertical goniometer (first wrt p-beam)

Multi-strip 8ms_v: in new vertical goniometer (second wrt p-beam)

6.2 Letter from Y. Ivanov about possible problems. 

Dear Yuri, 

  Dean asked me to provide some details about the PIN diode counter on the crystal. 

  This device has two 1cm pin diodes mounted 4cm apart, which gives an acceptance of around 30 degrees. They are in coincidence if triggered within about 200nS of each other, a very generous window. 

  The pair is pointed at the horizontal crystal facing in the upstream direction at an angle of 45 degrees. 

  The pulses from the PINs are are read by an analog ratemeter which gives a voltage output. This is based on an Analog Devices AD650 Frequency to voltage converter. 

  Since the vertical goniometer is approximately 3.7 meters from the PIN however, it is well outside the angular acceptance of this instrument. 
Also that distance greatly reduces the angular size of the PINs from the viewpoint of the vertical crystals. These may be the main reasons for the poor sensitivity of the PIN to the vertical crystals. 

  Please let me know if you have any other questions I may possibly answer for you. 

Best Regards, 

-Todd Johnson
6.3 Letter from Y. Ivanov about counting rate. 

Dear Dean,

if pin-diode that you use is similar

to the pin-diode described in Fliller's thesis

its counting rate 300 Hz seems too small.

If this case pin-diode may be not sensitive

enough to fix position when 2 mm QM Silicon touches

the beam. And you may go to the position when

10 mm steel holder touches the beam.

In this case offset between crystal and

absorber will be comparable with bending

angle of the crystal so holder may

be crossed by channelled  protons before

they will reach absorber.

Another reason to be checked: are you sure

that beam orbit in horizontal plane is not shifted

for several mm respect to QM crystal center?

This shift might result in passing protons through

holder instead of crystal (opening in holder

is +-5mm respect to crystal center).

Before QM in the same place you used a BNL O-shaped

crystal and did not obtain good result. If beam was

shifted in horizontal plane respect to the center

of the O-shaped crystal it might be the reason.

I am not introduced in details of T-980 so please sorry

if my suggestions look stupid for you. I really can

not understand why crystal is not working.

Best regards,

Yuri

6.4 Letter from Y. Ivanov to Walter S.. 

Dear Walter,

during last weeks I tried to understand

reasons of negative results with QM at FNAL.

Evidently, if crystal was damaged or unbent

during baking or installation procedures it

must not work. Nobody tells this, so we should

exclude this reason.

Second reason is bad alignment. I contacted with

Dean Still, he is sure that alignment is OK. Probably,

we should exclude this reson also.

At the moment, under these conditions, on my opinion, the only

possibility to explain negative result is wrong offset

between crystal and absorber due to low

sensitivity of detectors used to see tuching 2mm

silicon and the beam edge.

Dean promised to help with checking this.

With best regards,

Yuri

Dear Walter,

I have problems with webex so

will skip it.

In scans with QM crystal the T-980 observed

simultaneously three peaks: from crystal, from

absorber for chaneling, and from absober

for volume reflection. I have suggested

that offset too large so channeled

protons pass not touching CH absorber

and after full turn strike to QM steel

holder which is in 2 mm from the crystal

edge. It may result in 3 peaks mentioned above.

In fact, I have received confirmation

that detectors may be not enough sensitive.

Please see attached file with letter

from Todd Johnson. I can not say

more than Todd on the problem.

Note, that it may explain not only

bad results with QM but also with

multistrip and some other previous

crystals.

I can not exclude also some other

reasons, but at present a wrong

offset looks more probable.

With best regards,

Yuri
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