Insert Physics Report

This report is written with an aim towards explaining the polarized target insert and how it is used as an integral part of spin physics experiments.  This report will cover the main purposes of the insert and what specific types of physics are used on the insert in support of these experiments.  I will look into nuclear magnetic resonance (NMR), microwave enhancement of polarization, and the instrumentation that supports the cryogenic systems.  I will cover how each of these topics is used in support of the polarization of targets, specifically the deuteron targets used in experiment Gen01.  

Overview:

The Polarized Target Group at the University of Virginia runs, supports, and participates in experiments that involve the use of polarized targets with the aim of learning more about the internal workings of nucleons and nuclei.  Involved in the polarization of targets is the need for a large magnetic field, a cryogenically controlled environment, a way to build and enhance polarization, and the capability to measure polarization.  The insert fits into this picture primarily as a critical component whose function is to aid the measuring and building of polarization.  

Polarized target nuclear physics experiments.

Nuclear physics experiments involving polarized targets are necessary because they result in collisions that give more information than a non-polarized collision.  For experiment Gen01 conducted at Thomas Jefferson National Accelerator Facility this previous summer the experiment involved both a polarized target and a polarized electron beam. The target material was cooled down to approximately 1.05 K to subdue the thermal vibrations in the lattice of the deuterated ammonia (ND3) and placed in a large (5.0033 Tesla) magnetic field. A 100 nA polarized electron beam from the CEBAF accelerator was then passed through the target causing the interactions of interest.  These electrons were accelerated at 2.332 GeV with a magnetic field angle of 29 degrees with respect to the beam axis to study collisions with a momentum transfer of Q2 = 0.5 GeV2.  The angle and energy were also changed to 2.62 GeV and 35 degrees to give collisions at Q2 = 1.0 GeV2.  The detectors for the experiment detected energy, scattering angle, and position of the both the electrons and neutrons involved in the collision.  From this information about what happened after the collision, and the preexisting information about the polarization status of the target and the beam before the collision, significant data can be gained about what took place in the collision.  From this information new data and conclusions can be gained about the internal charge distribution of the neutron.  

Polarization:

From statistical mechanics we know that a group of particles with magnetic moments placed in a magnetic field polarizes to some degree.  This is what takes place in polarized targets.  However, the fields achievable in the lab are not large enough to induce nuclear polarizations high enough to be useful. The deuteron polarization in a 2.5 Tesla magnetic field at 1 K is on the order of .05%.  On the other hand, the polarization of an electron in a 2.5 T magnetic field at 1 K is approximately 92%.  (Crabb, 72)  It should be obvious that polarization levels below a percent are far below the necessary amount to carry out nuclear physics experiments of any relevance using polarized targets.  This is why dynamic nuclear polarization (DNP) techniques are necessary.  DNP aims to achieve a high polarization of nuclear spins using a microwave field on a target in the presence of a very large magnetic field to transfer spin from the electron to the nucleons.  DNP has been found to be one of the most successful methods of polarizing in solid targets.  

DNP is able to take place due to energy level splitting known as the Zeeman effect.  This causes the alignment or anti-alignment of the spins of the nuclei and electrons in a magnetic field.  The mechanism that allows polarization to be passed from the electrons to nucleons is called the Solid State Effect (SSE).  For purposes of simplification I will talk about the SSE for a system of protons and electrons.  The general principle of DNP can then be extrapolated to apply to all nuclear species.  As was already mentioned, a particle with a magnetic moment in a magnetic field experiences energy level splitting due to the Zeeman effect.  For a system containing an electron and a proton there are basically 4 energy levels.  
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Picture taken from Crabb and Meyer page 73.

For polarization to take place, it is necessary to drive protons from one state of alignment to another (using microwave energy at the necessary frequencies) at the exclusion of the reverse process.  In reference to the above diagram there are two possible effective ways to do this, to induce a transition from II to III, or to induce a transition from I to IV.  An objection to this transition may be raised according to the dipole selection rule.  While this transition is largely forbidden, it is slightly possible due to the mixing of states caused by the hyperfine interaction between the proton and the electron. DNP would not be possible except for the hyperfine interaction that occurs.  By driving the forbidden transition with microwave energy it is possible to cause transitions at a rate sufficient to increase polarization.  Once a transition is made from a lower to higher state it is possible for the electron-proton system to fall from one of these states to a lower state.  When a fall does take place from IV, it is most likely to fall to level II, which maintains the nuclear polarization.  If a fall takes place from III, the most likely fall is from III to I also maintaining the polarization.  By this method it is possible to drive polarization by inputting microwave energy at frequencies compatible with transitions from I to IV or from II to III depending on whether we desire polarization aligned or anti-aligned with the B field.  When referencing an energy level model for the deuteron it is more complicated because there are 6 energy states instead of 4, but the important principles and procedures are the same.

There are two reasons this method of polarization works in some materials with a high level of effectiveness.  One reason this works is because the material is doped with free radicals which have unpaired electrons.  This doping process can take place by pre-irradiation of the target material or by chemically doping the material.  Once free radicals are introduced into the target material DNP becomes possible.  It is these free electrons that cause the energy level splitting and are at the same time able to flip under the influence of the microwave field and induce changes in polarization.  A second essential characteristic of the material that is met is that the relaxation time of the electron spins is much shorter than the relaxation time of the nucleons.  (Crabb, 71).  For Gen01, ND3 was used as a suitable target material because it had this necessary difference in relaxation times between deuterons and electrons.  

DNP works because of spin coupling between the unpaired free electron and the surrounding nucleons.  It is not clear at this point how polarization is achieved in nucleons that are not in direct proximity to the unpaired free electrons.  The way that polarization is spread throughout the material is by a mechanism known as spin diffusion.  When a nucleon nearby an unpaired free electron is polarized it is raised to a higher energy level.  It can pass this polarization to an adjacent nucleon by relaxing to a lower, unpolarized state.  The energy from this relaxation is absorbed by the adjacent nucleon inducing it into a polarized state.  In the same way this now polarized nucleon can “pass” the polarization along to other adjacent nucleons.  Once a nucleon that was close to an unpaired free electron is back in a relaxed state it can be raised again by the process of DNP.  At this point it is again ready to pass its polarization along to other adjacent nucleons.  In this way polarization is passed throughout the target material by this process of spin diffusion.  

Measuring Polarization:  Nuclear Magnetic Resonance

When one takes a second look at the energy level diagram it is not immediately apparent why a simple transition from I to II or III to IV isn’t driven to enhance polarization in one direction.  There are several answers to this question.  First is that driving these transitions is not as effective as DNP in increasing polarization because inputting energy at the frequency corresponding to a I to II or III to IV shift will induce changes from one state to another at roughly similar rates.   A second reason that this frequency is not used to induce polarization is because it is used to measure the polarization using NMR.  

To measure the polarization of a material using NMR, a series LCR resonant circuit is tuned to have its resonance frequency correspond with the rf frequency of energy necessary to drive the I to II or III to IV transitions.  If the target material is placed in and around the inductor coil of the LCR circuit we are using for NMR, the frequency response curve of the LCR circuit will be altered by the presence of the polarized material. For Gen01 we cared about the deuteron polarization.  Polarized nuclei have a resonance frequency called the Larmor frequency which corresponds to the rate of precession of the nucleons in the magnetic field.  For NMR to work the LCR circuit is tuned to have its peak response at the Larmor frequency, of the deuteron in our case.  When a collection of deuterons is placed in an oscillating magnetic field they can absorb or emit energy at the Larmor frequency.  The amount of energy that can be absorbed or emitted is proportional to the number of polarized deuterons.  By measuring the voltage response in a small frequency range around the Larmor frequency of the deuteron the amount of polarization can be tracked by measuring the changes in the curve.  When I say polarization can be tracked I mean to imply that we do not know how much polarization there is, but we can observe changes in the amount.  This is because the relationship between the polarization and the size of the voltage response curve must be determined.  [image: image2.png]Raw Signal and Baseline Subtracted Signal and Fit

0.00

0.10
—0.02
—0.04

0.05
—0.06

0.00 —-0.08
—0.10

[ 100 200 800 400 500 0 100 200 800 400 500

Polysubtracted Signal

Event: 909747565 09—05-2001 23:30:28

0.00
Baseline: 999716790
-0.02
Fit Order: 3
004 Costt: 1.542-03 ~3.262-06 —6.052-09 3.18e—1%
-0.06 Chisq:  2.076371e—07
-0.08 rea  —7.1154860400
-0.10 o 463%

[ 100 200 800 400 500



The above diagram shows how the voltage response curve can be used to determine polarization.  If one takes a voltage response curve with polarized material in it (raw signal) and subtracts a voltage curve without material (baseline), the result is considered the “area” of the NMR signal.  This area is proportional to the amount of polarization.  In the above diagram there is one extra step where a curve is fit to the “wings” of the subtracted signal and subtracted from it once more.  This step cleans up any delineation due to slight changes in the electrical characteristics of the NMR circuit and is a necessary addition for the computer to accurately measure area and polarization.  This final “polysubtracted signal” area is directly proportional to the polarization of the material but a calibration procedure must be used to determine the exact proportionality.  

Thermal Equilibrium (TE) measurements

The question that is asked at this point is how much area corresponds to how much polarization? To answer this question we must have a known polarization and measure the corresponding amount of area under the NMR curve.  From this information we can come up with a conversion factor known as a calibration constant (CC) to give the proportionality necessary to take us from area to polarization.  To do this we turn to statistical mechanics which tells us about the populations of the magnetic sublevels created in the Zeeman splitting according to Boltsmann’s law.

N1 = N2 x exp(-(E/kBT)








(1)

Where kB is Boltzmann’s constant, N1 and N2 are the populations of the corresponding magnetic sublevels, and T is the spin temperature of the system.  From this equation we get that the polarization of a spin 1 system can be calculated by the formula:

P=[4tanh(giuiB/2kBT)]/[3+tanh2(giuiB/2kBT)]





(2)
To get this conversion factor we use equation (2) which tells us the polarization in a spin 1 system such as the deuteron.  We know all the factors that go into the equation, magnetic field we can calculate, what we don’t have is T, the spin temperature of the system.  The spin temperature of the system is not a temperature in the layperson sense of the word.  If one considers heat temperature to be a measure of the amount of heat energy stored in the thermal vibrations of a system it is an easy corollary to consider spin temperature to be the amount of energy stored in the spin reservoir of the system.  (Crabb, 72)

Spin temperature (TS), however, is not a factor that can be directly measured.  This is the point where equal spin temperature (EST) theory comes in.  It is accepted that a system in thermal contact with another will come into an equilibrium where both systems have an equal temperature.  EST theory extends this theory to say that the TS of one system will converge to the lattice temperature (TL) of another system given that they are in thermal contact and have adequate time for the heat and spin systems to achieve thermal equilibrium.  In other words, at thermal equilibrium TL.= TS.

In Gen01 this theory taken into practice is called a thermal equilibrium (TE) calibration.  It involved setting the cryostat to known values for temperature and magnetic field.  Then, the response of the deuteron polarization was tracked using the NMR.  When there were no longer any changes in the area of the NMR it could be assumed that the TS had reached equilibrium with the TL.  Then, because TL.= TS, the measurable value for heat temperature could be entered into equation (2) as the value for spin temperature.  This gives a known amount of polarization for a known amount of area and a conversion factor results.  

Penh = Aenh x (PTE/ATE)




CC = (PTE/ATE)


Where Penh and Aenh are the polarization and area of the material under the influence of DNP and PTE and ATE are the polarization and area of the signal under TE conditions.  With this CC the polarization could be driven using DNP and the area of the NMR curve would be sufficient information to measure the polarization.  

Cryostat:

The cryostat is the large “can” inside of which collisions for the experiment take place.  It serves to hold the target insert, magnet, and to control the cryogenic environment.  The cryostat can be thought of as a multi-layered thermal insulated controlled environment at the center of which is the target material.  The cryostat houses a helium 4 (4He) evaporation refrigerator.  The refrigerator is capable of achieving temperatures in the 1 K range.  These temperatures are achieved by evaporating 4He. 4He has a boiling temperature of 4 K under 1 atm.  To lower the boiling temperature of the 4He we lower the pressure above it using very large pumps.  The refrigerator serves to cool 4He as it cycles new helium into a “pool” in the center of the cryostat where it is then evaporated off.  Using this system, temperatures of approximately 1 K can be achieved for experiments.  

Insert:

In the center of the cryostat, under the pool of 1 K liquid helium, and in a large magnetic field is where the target material must be for the experiment to take place.  This is why the target insert is such a pivotally important part of the target setup.  The insert is the instrument that allows the target material to be positioned where the polarization needs to take place.  Embedded in the insert are several things necessary to the maintenance and measuring of polarization.  It contains 4 target cups, one empty, one with a “dummy” carbon target, and two cups holding polarizable material.  It also contains microwave tubing capable of broadcasting microwaves directly at both polarizable target cups.  Embedded in and on both of the target cups are NMR cables, inductor coils for NMR, and several temperature sensing devices.  Lastly, there is coiled heater wire that is used to raise the temperature of the target material at certain times during the experiment to help it recover from radiation damage.  This process of raising the temperature is called an anneal.  

The insert serves to transport target material in and out of the center of the cryostat and contains the means of polarizing and measuring polarization as well as cryogenic instrumentation.  Once the material is in the cryostat the temperature can be closely monitored using four separate methods.  On each of the target cups there are two resistors, one 1000 ohm chip resistor and one 100 ohm platinum resistor.  Each of these resistors has a range in which it operates most effectively allowing us to monitor the temperature of the target material at all times.  Also attached to each target cup is a thermocouple (TC) junction.  Each of these junctions have a 4K reference junction that allows for accurate measurement of the temperature during both anneals and at running temperature.  Also embedded in the insert is a He3 manometer.  This manometer has a bulb containing He3.  The pressure of the He3 vapor is measured giving another way of assessing the temperature especially at low temperatures.  These temperature sensors allow us to accurately measure the temperature in the cryostat.  Accurate measurements are important because the error in the polarization measurement directly effects the error on the scattering parameters we are trying to measure.    

The microwave horns near each target cup allow microwaves to be broadcast into the cup to support the polarization process.  These changes in polarization are accurately measured by NMR coils that are actually embedded inside the target cups such that they are completely surrounded by the target material and are able to obtain a strong and accurate NMR signal reading.  The strong NMR signal cuts down on measurement error due to noise.  

To complete the utility of the insert, heater wire is run around and near the target cups.  This heater wire allows the target material to be warmed to temperatures in the range of 60 to 105 K.  At times, the material is raised to this temperature so that the radiation damage it incurred due to the electron beam is repaired.  Anneals allow material that has lower polarization performance due to radiation damage to be revitalized and reused a finite number of times.  

In these ways the insert serves as an integral tool to the experiment and specifically the polarization process.  Attached to this document is another document that gives step by step instructions on how an insert is created.  This second document will give a more accurate view of how all the instrumentation that is contained within the insert fits together.  
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Figure 2 Schematic demonstration of the resolved solid-state effect
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