


 

_______________________________________________________________________________________________________
ESD 1.6-110-r0                                                                          Check the LCLS Project website to verify  
2 of 9  that this is the correct version prior to use. 

 
Rev 
Number 

Revision 
Date 

Sections Affected Description of Change 

000 11/23/2007 All Initial Version 
    
    
 



 

_______________________________________________________________________________________________________
ESD 1.6-110-r0                                                                          Check the LCLS Project website to verify  
3 of 9  that this is the correct version prior to use. 

 
1. Introduction: 
 
The magnetic bottle electron spectrometer is a time-of-flight electron energy spectrometer with high 
collection efficiency first described by Kruit and Read in 1983 (Kruit and Read 1983).  An axially 
symmetric divergent magnetic field that decreases from a value close to one Tesla to 10 Gauss over 
the flight path of the electrons serves to parallelize the trajectories of the electrons in a direction 
towards the detector.  Collection efficiencies of up to 50% (2π steradian) can be achieved for low 
energy electrons.  The high collection efficiency afforded by the magnetic bottle spectrometer 
provides a means to measure a complete photoelectron spectrum with a single LCLS shot and thus 
provides a suitable diagnostic tool for the beam. 
 
2. Magnetic Field Design: 
 
The divergent magnetic field is created by two separate magnets, a high field permanent magnet (~ 1 
Tesla) opposite to the detector from the interaction region, and a solenoidal magnetic field of about 
10 Gauss along the length of the flight tube generated by passing current through wire would 
helically along the flight tube.  A divergent magnetic field as shown below in Figure 1 results, and 
electron trajectories are parallelized along the magnetic field lines, directing electrons towards the 
detector that would not otherwise reach it. 
 

 
Figure 1:  Illustration of the diverging magnetic field from the strong permanent magnet on the left to the solenoidal 
field on the right (from (Kruit and Read 1983)). 
 
An important parameter in designing the magnetic field for the magnetic bottle spectrometer is the 
adiabaticity parameter, χ1, which should be kept small in the design of the instrument.  A small 
adiabaticity parameter implies that the change in the magnetic field acting on the electron during one 
orbit is small relative to the total field.  Quantitatively, the adiabaticity parameter can be calculated 
as: 
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The effect of a large adiabaticity is to distort the image of the ionization volume with a chromatic 
twist.  Since we are not particularly interested in the imaging properties of the magnetic bottle, only 
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the temporal resolution, the field should be designed to decrease quickly from its initial value – i.e. 
over a short distance. 
 

 
Figure 2: Diagram of the various components of the magnetic bottle spectromter in the diagnostics chamber. 
 
3. Permanent Magnet: 
 
The shape of the pole of the permanent magnet opposite the interaction region has a significant 
effect on the collection efficiency of the magnetic bottle spectrometer.  Most recent designs utilize a 
conically shaped pole to form a magnetic mirror that collects a larger solid angle of electron 
emission (Eland, Vieuxmaire et al. 2003). 
 
A significant practical consideration passed on from F. Penent (Université Pierre & Marie Curie in 
Paris) and colleagues who have used a magnetic bottle spectrometer at FLASH, is to mount the 
permanent magnet on a manipulator and optimize its position while viewing the image of the 
interaction region on the detector.  This can be accomplished using a MCP amplified phosphor 
screen detector, using a video camera for the optimization while reading the flight time off the 
metalized front surface of the phosphor plate. 
 
4. Solenoidal Magnetic Field: 
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To achieve a solenoidal field of 0.01T (100G), the solenoid will have to satisfy the following 
equation: 
 00.010TB nIμ= =  
Where μ0 is the permeability of vacuum (4π×107 T A-1m-1), n the number of turns of wire per meter 
and I the current passing through the coil. With ~500 turns of the coil over 1m length, a current of 
16A will be required.  Lower current requirements can be achieved with a higher turn density. 
 
5. Energy resolution: 
 
Calculations of the effect of the angle of emission of the electrons on the energy resolution by Kruit 
and Read showed that temporal width of the flight time depended only slightly on the direction and 
distribution of emission and in all cases contributed less than 1% to the total flight time.  The region 
of high field, where the electron trajectories have not yet been parallelized contributes the greatest 
amount to the uncertainty. 
 
Attempts have been made to retard electrons in magnetic bottle spectrometers (Rijs, Backus et al. 
2000), but due to conservation of angular momentum in the spectrometer, reduction in velocity 
along the spectrometer axis leads to increased transverse excursions as the electrons precess around 
the field lines and loss of the electrons from the open aperture of the spectrometer. 
 
Other contributions to the energy resolution of a time-of-flight electron detector include the 
uncertainties in the flight time, source to detector distance and wavelength as follows (Hemmers, 
Whitfield et al. 1998): 

 
2 2 22 2E t l

E t l
λ
λ

Δ Δ Δ Δ⎛ ⎞ ⎛ ⎞ ⎛ ⎞= + +⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠ ⎝ ⎠

 

 
The uncertainty in the time of arrival of the electrons at the detector due to the electronics will be 
given by 3 times the sampling interval, which in the case of the 8GHz digitizers that are going to be 
used is only 375 ps. The flight time will depend on the length of the flight tube and the energy of the 
electrons, but it is obvious that this factor will contribute much less than the angular integration.  A 
1000 eV electron will travel 1m in approximately 53 ns, so temporal uncertainty amounts to 1.4% at 
this high kinetic energy but is only 0.4% at 100 eV and below 0.2% for kinetic energies less than 20 
eV. 
 
The source size, Δl, will range from as large as 2mm when the beam is focused into the interaction 
region of the high field physics chamber, to as small as a few microns when it is focused into the 
diagnostics chamber.  Over the length of the flight tube, at least 1m, this contributes a small to 
negligible amount to the energy uncertainty.  
 
The bandwidth of the FEL beam, estimated to be 0.19% will also contribute a small amount to the 
overall energy resolution of the spectrometer.   
 
At kinetic energies up to approximately 1000eV, therefore, the energy resolution of the magnetic 
bottle spectrometer will be better than 2%.  Through a judicious choice of sample gas with an 
appropriate binding energy, resulting in reasonably low kinetic energies of the ejected photoelectrons, 
it should therefore be possible to measure the bandwidth of the electrons at a resolution better than 
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the photon bandwidth.  Ne 1s electron ionized at hν=970 eV, for example, would have a kinetic 
energy of 100 eV with a resolution of ~1.5eV from all contributions exclusive of the photon 
bandwidth.  The bandwidth of the FEL, 0.19% at 970eV, would be 1.84eV, so the energy resolution 
would be dominated by the photon bandwidth, implying that is should be possible to measure the 
bandwidth. 
 
6. Magnetic Shielding: 
 
The interaction region and flight path should be shielded from ambient magnetic fields to maintain 
high transmission efficiency for electrons down the long flight tube of the magnetic bottle 
spectrometer.   

6.1. The magnetic shield should obviously cover the flight tube and magnetic coils, rather than 
having the coils outside the shield.   

6.2. The shield should extend beyond the interaction region by twice the diameter of the shield 
and close over the permanent magnet holder if possible. 

6.3. Penetrations of at least 20 mm in diameter should be provided for FEL beam to pass 
though the shield.  

6.4. Penetrations should be provided for the gas need to approach the interaction region form 
below with an opening opposite to allow the gas to exit. 

6.5. Numerous holes should be present along the length and around the circumference of the 
shield to allow pumping. 

 
7. Spectrometer Design: 
 

7.1. In addition to the magnetic fields outlined above, a flight tube should extend from about 
25mm beyond the interaction region to beyond the detector so as to keep the electron 
trajectory within the solenoidal field all of the way to the detector. 

7.2. A nose cone with a 5mm aperture should extend from the flight tube to within 5-10 mm of 
the interaction region. 

7.3. Provisions should be made to include a retarding cage in the flight tube to increase the 
flight time of fast electrons.  Further modeling will be carried out to try to minimize the 
effects of retarding the electrons on their lateral displacement. 

7.4. Ideally the solenoid should be wrapped on a mandrel that is separable from the flight tube. 
7.5. Electrical connectors for the solenoid should be brought out through a side flange of the 

spectrometer vacuum tube. 
7.6. A magnetic field probe should be fitted in vacuum in a location that will not interfere with 

the electron trajectory to measure the magnetic field in or close to the flight tube. 
7.7. A 75mm diameter detector with a phosphor screen anode should be fixed to the back 

flange and fit inside the flight tube.  All electronic signals and bias voltages for the detector 
should be brought out through this mounting flange. 

7.8. The detector mounting flange should be mounted with a viewport and a holder for a video 
camera to image the phosphor screen of the detector. 

7.9. A turbo molecular pump should be fitted on the spectrometer close to the detector to 
evacuate the long spectrometer tube from the end. 
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Figure 3: Diagram of the interaction region of the magnetic bottle spectrometer showing the orientation of the major 
components. 
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Figure 4:  Diagram of the detector end of the magnetic bottel spectrometer showing the detector reentrant into the 
solenoidal field. 
 
8. Controls: 
 

8.1. Two components will be mounted on XYZ manipulators with the stepper motors located 
outside of vacuum, the permanent magnet and the gas jet. Both manipulators should be 
fitted with adjustable limit switches that are set to prevent damage to the hardware once it 
has been assembled and the limits for the range of motion determined. 

8.2. The pressure of the gas in the needle will be controlled by a pressure valve with feedback 
from a downstream pressure gauge.  Ultimately the pressure setting will be determined by 
the background pressure in the chamber and the signal requirements. 

8.3. Current in the solenoid coil will be controlled to set the magnetic field strength along the 
spectrometer axis and the field monitored with a magnetic field probe. 

8.4. The turbomolecular pump at the detector end of the spectrometer should be integrated into 
the vacuum controls of the diagnostics chamber. 

8.5. High voltages required for the detector should be settable by the user within some definable 
limits.  They should also be interlocked to the vacuum status of the chamber. 

8.6. A coincident pump laser pulse will be used in some experiments.  Pulse timing and 
alignment should be controlled by the user. 

8.7. A retarding potential of a few hundred to few thousand volts may be applied to a retarding 
cage in the electron spectrometer. 

 
9. Data Acquisition 
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9.1. The spectrometer will be interrogated in two different ways. 

9.1.1. When aligning the magnet and sample needle, a video camera imaging the detector 
will be used to optimize the signal 

9.1.2. When acquiring data, electrical pulses from the metalized front of the phosphor 
screen will be digitized using a high speed (8GHz) digitizer.  The spectra will be read 
and stored for each LCLS pulse, initially, until a method for simplifying the data is 
developed. 

9.2. Step scan measurements of the spectra as a function of one or more axes of motion should 
be possible, with a display of some parameter to be determined as a function of the moving 
element position. 
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