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Guidelines to the Reader 
 

• Sentences within the body of this documents have one of two purposes (1) 
General Remarks and (2) Physics Specifications for the Beam Loss Monitor 
system. For clarity, sentences that express Physics Specifications are typeset in 
italic.  

• All rms specifications in the document imply a cutoff of ±3 times the rms value. 
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BLM Beam Loss Monitor 
 
   
Table of Contents 
1. Introduction ............................................................................................................... 4 
2. General Requirements ............................................................................................... 6 
3. BLM Device Requirements ....................................................................................... 9 
4. Machine Protection System Requirements.............................................................. 10 
5. Recording Requirements ......................................................................................... 12 
6. Diagnostics Tools Requirement............................................................................... 12 
7. Vacuum System Consideration ............................................................................... 13 
8. Alignment Requirements......................................................................................... 13 
9. Other Radiation Monitoring Devices ...................................................................... 13 
10. Non-Radiative Loss Detecting Monitors................................................................. 13 
References......................................................................................................................... 13 



 
 

________________________________________________________________________________________________
PRD 1.4-005-r0                                                                          Check the LCLS Project website to verify  
4 of 13  that this is the correct version prior to use. 
   

 

1. Introduction 
1.1. The primary requirements for the LCLS undulator system are described in 

PRD 1.4-001, which requests the use of radiation detectors. A Beam Loss 
Monitor (BLM) device, as specified here, located close to the upstream end of 
each Undulator Segment will allow monitoring and integrating of radiation 
levels received by the undulator magnets and limiting of beam operation times 
and/or frequencies should these levels exceed established tolerances. 
Positioning a monitor in front of each undulator magnet seems to be the only 
way to maintain a reasonable chance of keeping track of the long term 
accumulated level of exposure in each individual Undulator Segment. This 
accumulated exposure level is expected to depend strongly on the roll-in/out 
status of that Undulator Segment and all upstream Undulator Segments. This 
establishes the requirement for a BLM, mounted at the upstream end of every 
Undulator Segment. 

1.2. The main function of the BLM is the protection of the permanent magnets 
in the LCLS Undulator Segments from a degradation of their remnant magnetic 
field. A desirable goal is to keep the demagnetization below the 0.01-% level 
over the lifetime of the LCLS. This small degradation is expected to have no 
measurable effect on FEL performance. There is still disagreement about the 
damage mechanism during the irradiation process. The main radiation type 
responsible for the damage has been identified as fast neutron fluence by 
Alderman et al. [1] in an ANL2000 technical note and as electrons and photons 
by Sasaki et al. [2] in a PAC2005 paper. The estimates in this PRD are based on 
the Alderman paper because it provides damage amplitudes as function of total 
integrated dose. The damaging radiation components are produced as secondary 
products following the original generating event of electrons interacting with 
matter. The origin of the particles responsible for the damage, i.e., vacuum 
chamber wall, magnet holders, or magnet blocks, themselves, is presently not 
known. The Alderman paper implies that a 0.01-% loss in magnetization occurs 
after a total exposure to a fast neutron fluence of 1011 n/cm2. The radiation 
deposited in the permanent magnet blocks of the LCLS undulator, when a 
single electron strikes a 100-µm-thick carbon foil upstream of the first 
undulator, has been simulated by A. Fasso using FLUKA[3]. The results are: a 
peak total dose from all components of 1×10-9 rad/e- [1×10-11 Gy/e-] including a 
neutron fluence of 1.8×10-4 n/cm2/e-, which translates into 1.8×105 n/cm2 for 
each rad [1.8×107 n/cm2 for each Gy] of absorbed energy. These numbers are 
based on peak deposition results and should therefore be considered as worst 
case estimates. For the purpose of this PRD, we assume a total integrated 
operation time of 20 years, which translates to an average dose limit of about 
1.2 mrad/s [12 µGy/s]. At 120 Hz, the corresponding limit is 10 µrad/pulse 
[0.1 µGy/pulse]. 
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1.3. The dose deposited in the BLM devices will be calibrated to the dose 
deposited in magnets, both in roll-in and roll-out position, based on well 
defined radiation scenarios that can be modeled by FLUKA simulations (i.e., a 
single electron beam of measured charge and spatial distribution hitting a BFW 
wire.) The ratio of the simulation results for the dose deposited in the magnets 
to the dose deposited in the BLM will be used as BLM calibration factor.  

1.4. Possible reasons for generating elevated levels of radiation are (1) electron 
beam steering errors, (2) unintentional insertion of material while the electron 
beam is operating, such as sectioning valves and BFW/screen mounting frames, 
(3) intentional collision of the electron beam with the BFW wires and 
diagnostics screens. In the first two cases, the information from BLM readings 
will be used to stop any following beam pulse from entering the Undulator 
Hall. On the other hand, it is necessary that a limited number of events of case 
(3) be allowed to pass while keeping the average dose deposited in the magnets 
within the tolerance limit.  

1.5. It is expected that radiation generated upstream of the first undulator will 
be stopped by a system of collimators. The radiation generated by the absorber 
in the tune-up dump, will be removed by a collimator, PCMUON, located 
between the tune-up dump and the first undulator magnet. 

1.6. The estimated per-pulse damage in magnets of a rolled-in Undulator 
Segment from a single centered interaction of a 1-nC electron bunch with a 40-
µm-diameter BFW wire (see [4]) is about 1 rad/pulse [10 mGy/pulse] or 
105 times greater than the 10 µrad/pulse [0.1 µGy/pulse] limit stated above for 
120-Hz operation. A full scan of all 33 BFW devices both in horizontal and 
vertical direction is expected to produce about 100 times more radiation in the 
last undulator than a single hit centered on the wire. This translates to a limit for 
the total allowed full BFW scans with all Undulator Segments rolled-in of 
about 1000 over the lifetime of the LCLS, when allowing to use 20% of the 
total damage budget. After a full scan, the average dose threshold limit will 
need to be reduced to compensate for the extra amount of deposited energy. A 
possible scenario would be a dose rate limit reduction by a factor 10 to about 
100 µrad/s (0.1 mrad/s) [1 µGy/s] for 2×107  time slots (36 days) 

1.7. Conceivable mitigation strategies are 

 Reduction in Wire Diameter: The quadratic dependence will relax the 
numbers by a factor 100 when the wire diameter is reduced by a factor 10.  
Such a wire would produce an insufficient amount of scattered electrons 
for detection at the main Dump. The BLMs, themselves, could be used as 
detectors, instead. This is presently being investigated. 

 Requiring that BFW scans can only be performed when all undulators, 
down-stream of the girder that carries the scanning BFW, are in roll-out 
position. Presently, no supporting simulating data is available for the roll-
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out positions. A reduction in damage is expected when the undulator is 
positioned 80 mm away from the beam axis, but the exact amount of that 
reduction needs to be determined by simulation. For now we assume that 
it will be at least a factor of 100, which might be optimistic. 

1.8. The rest of this PRD is based on the assumption that BFW scans are only 
done when all Undulator Segments down-stream of the girder that supports the 
BFW device are rolled-out. In which case recovery from the maximum dose 
received by a magnet would be reduced to about half a day. On the other hand, 
considering the fact that it is highly unlikely that any significant fraction of the 
30 million full scans, allowed in undulator roll-out mode, will ever be 
performed, recovery from those BFW scans can be skipped if the MPS is 
informed about the BFW scan situation and can check that the received dose 
stays within the expected limit.  

1.9. Considerations of the dynamic range of the BLM are as follows: It is very 
desirable that dose amplitude information will not get lost due to detector 
saturation. The maximum per-pulse-amplitude expected from an accidental 
BFW hit with Undulator Segments rolled-in is about 1 rad/pulse 
[10 mGy/pulse]. The BLM saturation limit should be set above that amplitude 
by some safety factor, say 2-3. On the other hand, the BLM signal needs to be 
usable to measure the equivalent per-pulse-limit of 10 µrad [0.1 µGy] with a 
precision of about 25% for long time integration. This corresponds to a 
dynamic range of better than 106. 

2. General Requirements 
2.1. One BLM device shall be mounted upstream of each Undulator Segment. 

2.2. The BLM shall provide a digital value proportional to the amount of 
energy deposited in the device for each electron bunch. 

2.3. The monitor shall be able to detect and measure (with a precision of better 
than 25%)  radiation levels corresponding to magnet dose levels as low as 
10 µrad/pulse [0.1 µGy/pulse] and up a maximum level of 2-3  rad/pulse [20-
30 mGy/pulse]. 

2.4. The monitor needs to be designed to withstand the highest expected 
radiation levels of 3 rad/pulse without damage.  

2.5. The estimated radiation level received from each individual electron 
bunch (using the BLM voltage combined with the roll-in/out status of the 
Undulator Segment on the same girder based on beam based calibration factors) 
needs to be reported after the passage of that bunch to allow the MPS to trip the 
beam before the next bunch at 120 Hz.  
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 Figure 1: Demonstration of girder-mounted scintillator material arrangement to cover magnet 
blocks in both roll-in and roll-out condition. 
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 Figure 2: Demonstration of girder-mounted scintillator material arrangement to cover magnet 
blocks in both roll-in and roll-out condition. 
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Figure 3: Dimensions (in millimeters) and relative positions of undulator magnet blocks and poles. 
Note: the image is rotated by 90º, the beam will pass on the left of the diagram.  
 

3. BLM Device Requirements 
3.1. Each BLM device shall measure the total amount of absorbed dose over 

the full cross section that the undulator magnets occupy. The cross section of an 
individual magnet, as seen by the beam, is 66 mm wide by 56.5 mm high (see 
Figure 3). In vertical direction, the magnets cover the range between 6.8 mm and 
(6.8+56.5) mm= 63.3 mm both, above and below the beam axis. In their roll-in 
position, the horizontal distance between the magnet centers and the beam axis 
will be adjusted during operation within a range of ±6 mm, which stretches the 
horizontal positions for permanent magnet material to ±(33.0+6.0) mm or 
±39.0 mm. The Undulator Segments are also expected to be moved during 
operations by 80 mm in positive x-direction to their rollout position at which they 
cover a horizontal range of 80.0±33.0 mm or from 47.0 to 113.0 mm. If the  
detector material is mounted onto the girder it needs to cover the following four 
areas, relative to the beam axis, as a minimum (Figure 1): 

3.1.1. roll-in below axis: x×y = (-39 to +39)×(-72 to -7) mm2 

3.1.2. roll-in above axis: x×y = (-39 to +39)×(+7 to +72) mm2 

3.1.3. roll-out below axis: x×y = (+47 to +113)×(-72 to -7) mm2 

3.1.4. roll-out above axis: x×y = (+47 to +113)×( +7 to +72) mm2 

Alternatively, mounting the scintillator material to the Undulator Segment itself 
instead of on the girder would result in significantly reduced (see Figure 2). The 
following area borders are specified relative to the Undulator Segment axis: 
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3.1.5. roll-in/out below axis: x×y = (-33 to +33)×(-72 to -7) mm2 

3.1.6. roll-in/out above axis: x×y = (-33 to +33)×(+7 to +72) mm2 

Another advantage of mounting the scintillator material to the Undulator Segment 
is that the roll-in/out status does not have to be considered when estimating dose 
levels. 

3.2. Beam shall be inhibited from passing through the undulator system 
vacuum chamber during Undulator Segment roll-out and roll-in motion. 

3.3. Each BLM device will be calibrated based on the radiation generated by 
the interaction of a well known beam with the BFW devices. The actual 
calibration geometry used in the field shall be simulated by Radiation Physics 
using FLUKA to obtain the calibration factors, i.e., the ratio between the 
maximum estimated damage in a magnet and the voltage produced by each BLM 
device. 

4. Machine Protection System Requirements 
4.1. To protect the permanent magnet blocks in the Undulator Segments a two-

layer protection system is required. The lower level will fulfill the function of a 
traditional Machine Protection System (MPS) to inhibit beam operation (starting 
with the next trigger)  if the estimated radiation dose, received by any of the 
permanent magnet blocks exceeds 1 rad in a single pulse. In addition to this fast 
responding MPS function, there shall be a slower layer to monitor and integrate 
the estimated per-pulse dose levels and neutron fluence levels for each Undulator 
Segment using the BLM signal from the monitor immediately preceding that 
Segment together with that Segment’s roll-in/out status. In addition to the output 
from the BLM device, this layer will also use output from Non-Radiative Loss 
Detecting Monitors (see Section 10). This layer shall  limit the maximum 
allowable bunch repetition rate (see Section  4.2)  (Figure 4 expresses the logic 
of the following description in diagram form) 

4.2. The radiation protection function for the undulator system will run in one 
of four beam modes: (1) Single Shot, (2) 1-Hz, (3) Recovery, (4) Standard. Note 
that the specified rates are only upper limits and does not prevent operation at 
lower rates if that is required of desirable.  The estimated maximum radiation 
dose for the magnets in an Undulator Segment will be used in the following way 
for the three modes: 

4.2.1. Single Shot Mode: One bunch will be allowed to enter the Undulator 
system at the push of a button, if the last shot has occurred more than 10 s 
ago. Sufficient loss mitigation shall be applied between shots. 

4.2.1.1.1. If the dose rate can be expected to stay below 0.01 
mrad per pulse and the average integrated dose 
over the last 30 minutes is less than 3 rad, the beam 
mode can be set to 1-Hz Mode 
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4.2.2. Recovery Mode: The bunch frequency shall be limited to 10 Hz. 

4.2.2.1. If the average integrated dose since the last operation in Standard 
Mode is less than 1.2 mrad/s and the dose rate can be expected to 
stay below 0.01 mrad per pulse, the beam mode can be set to 
Standard Mode. 

  
 
Figure 4: Undulator Operational Mode Logic Diagram. The periods for forming the averages are 
described in the text. 

4.2.2.2. Otherwise:  

4.2.2.2.1. if the estimated dose from the last pulse is below 
0.01 mrad: No action required 

4.2.2.2.2. otherwise: The bunch frequency will be set according 
to the estimated dose absorbed by a magnet: 
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4.2.2.2.2.1. more  than 3 rad integrated over the last 
30 min : Single Shot Mode 

4.2.2.2.2.2. otherwise: 1-Hz Mode 

4.2.3. 1-Hz Mode: The bunch frequency shall be limited to 1 Hz. 

4.2.3.1. If the dose rate can be expected to stay below 0.01 mrad per 
pulse, the beam mode can be set back to Recovery Mode. 

4.2.3.2. otherwise:  

4.2.3.2.1. if dose integrated over the last 30 minutes is larger 
than 3 rad the beam mode will be set to Single Shot 
Mode. 

4.2.3.2.2. otherwise: No action required 

4.2.4. Standard  Mode:  

4.2.4.1. If the estimated dose is less than 0.01 mrad in the last pulse: No 
action required. 

4.2.4.2. Otherwise:  

4.2.4.2.1. if the estimated radiation dose delivered to the 
magnets from the last pulse is above 1 rad: Single 
Shot Mode. 

4.2.4.2.2.  Otherwise: Recovery Mode. 

4.3. The dose levels and durations will be adjusted as better knowledge is gained. 

5. Recording Requirements  
5.1. The per-magnet-block-maximum integrated estimated deposited energy 

and neutron fluence shall be recorded for each Undulator Segment. 

6. Diagnostics Tools Requirement 
6.1. Information about the current status of the undulator protection system 

shall be provided in the control room using graphical display functionality. That 
information shall include  

6.1.1. the current maximum rate allowed by the system, if any. 

6.1.2. the reason for a reduced rate, including the identification of the monitor 
responsible for the rate level limitation 

6.1.3. the current per-pulse radiation dose for each of the 33 Undulator 
Segments. 

6.1.4. the integrated radiation dose levels for each of the 33 Undulator 
Segments.  
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7. Vacuum System Consideration 
7.1. The BLM will not be part of the LCLS Undulator vacuum system.  

8. Alignment Requirements 
8.1. The active volume of each BLM needs only rough alignment to cover the 

downstream magnet blocks in all roll-in/out locations. 

9. Other Radiation Monitoring Devices 
In addition to the BLMs, the use of TLD monitor, segmented Long Ion Chambers 
(segmented LIONs), and fibers shall be investigated. 

10. Non-Radiative Loss Detecting Monitors 
In addition to the radiation dose monitors, described above, other means for detecting 
loss of the potential for loss will be used: 

 Toroids: 
A pair of toroids one upstream and one downstream of the undulator will be used 
a comparator arrangement to detect beam losses in excess of a few percent. 

 Electron Beam Position Monitors: 
The RF Cavity BPMs will continuously monitor beam trajectory. This trajectory 
information will be used to trip the beam at |x|>2 mm and |y|>1 mm. Beam 
operation in the Undulator system is therefore prohibited if the RF Cavity BPM 
system is not operational. 

 Quadrupole Position Corrector Power Supply Readbacks: 
The readback values for the transverse position of the quadrupoles and the 
Corrector Power Supply current will be used to detect run-away configurations 
that might lead to beam loss before damage can occur.  
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