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Abstract 

In the HERA proton storage ring the DC current is 
measured with a high precision DC transformer. Not only 
does it provide the exact proton current but also a measure of 
the beam lifetime under very different running conditions. 
The lifetime might range from three seconds to many 
hundred hours. The short lifetimes are needed immediately. 
Beam lifetimes of tens of hours can only be determined by 
taking the measurements of many minutes back in beam 
history. One wants not to take more points than necessary, 
and never to take any points that don’t belong in the series of 
points. Determining this by eye seems to be simple; doing it 
automatically requires a fairly flexible algorithm. 

1. INTRoDKTI~N 

The algorithm for the lifetime/loss measurement is 
designed with HERA in mind. HERA is a complex of an X20 
GeV proton and a 30 GeV electron ring with two common 
interaction regions. The arcs of the proton ring have 
superconducting magnets, which have to be protected even 
against stnall particle losses. This gives an extra incentive for 
very sensitive lifetime measnremenrs, which adapt quickly to 
changes in lifetime. 

Typical currents for the proton ring <are 20 to 30 m,4 and 
for the electron ring between 5 and 20 mA. The proton 
lifetime at full energy with electrons is of the order of a few 
hundred hours and without electrons approximately two 
orders of magnitude larger. The electron ring lifetime is 
typically ten hours within half an order of magnitude. During 
machine set-up, machine studies and machine tuning the 
lifetimes can be much smaller and the currents can be 
radically different. 

The beam lifetimes are derived from very precise current 
measurements. The proton ring uses a DC current trans- 
former with excellent magnetic shielding. 111 The current 
measurement is limited by nn intrinsic noise level equivalent 
to typically 0.5 PA and at most 0.8 PA [2] For the electron 
ring with its moderate lifetimes one uses a transformer with a 
resolution of slightly more than a micro Ampere (l.l+O.Z~A 
standard deviation with 30 consecutive measurements of one 
Hertz rate). The currents arc read out at a frequency of one 

Hertz. Four sets of the past 300 data points, with intervals of 
seconds, ten seconds, minutes and ten minutes, are always 
available for analysis. 

The lifetime/loss is a measure of how fast the current 
changed over the past “short” time interval relative to the 
total current. For very long lifetimes the currents hardly 
change, rendering this approach a very indirect one. Here 
more direct approaches are valuable. For HERA two ‘arc 
used: particle loss measurements directly at the collimator [ 31 

and particle loss measurements at various places around the 
ring [4]. Both are very sensitive even for the highest lifetimes 
and even more important, both are fast. The direct particle 
loss measurements have different systematic errors from the 
one presented here. They are only able to measure local 
losses. In addition the calibration of the measurement is less 
straight forward. 

2. Loss AND LIFETIME 

One wants to measure the loss/lifetime as fast as possible. 
This means that one has to determine how many of the past 
data points one wants to consider and then derive the 
loss/lifetime from them. So first lets assume. that we have a 
reasonable set of current measurements. 

2.1 Determining the LossfLifetime from a Given Set ofData 
Points 

The loss is the relative current drop per time. Or more 
formally, the loss is defined as the slope of current versus 
time normalised to the current. With this definition the 
lifetime is just the inverse of the loss. From a reasonable set 
of data points one determines the loss simply by fitting a line 
through them and then dividing the slope by the average 
current: 

I,=I(i.At), i=O, l,..., n- 1 (1) 
I(t)=I(n.At /2)+L.t 
5:=1/L ii; 

Consider the errors in the loss measurement. For our 
purpose only measurements of the loss with 3 large current, 
i.e. negligible 0(1)/I, are meaningful. We require 
1,,=100~a(l)=O.O65mA. This is also quite large relative to 
the zero offset and zero drifts of the current monitor at 
HERA. Secondly, we require a small change of current over 
time compared to the measured currents. This not only 
results in optimally fast measurements, but also permits us to 
ignore the nonlinearities due to an exponential decay of the 
beam. The consequence of the requirements is that we can 
determine the loss by a linear fit to the data points, ‘and that 
the error in the loss is completely described by the error in 
the slope. The errors of the current measurements can be 
fairly well described as a normal distribution. So the errors in 
the loss will also be described by a normal distribution. If one 
uses n current measurements spaced At apart one gets for the 
error in the loss: 

o(L) = 

where the o(l)/(I,(n-l)&) dependence originates from the 
calculation of a line through the endpoints and the l/n’? 
dependence from the increase in statistics due to the extra 
points. For a 2OmA proton beam we would get a resolution in 
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loss of approximately 1% / h for ten seconds and lo/00 / h for 
one minute of measurement time. 

2.2 Loss Versus Lifetime 

We have seen that it is possible to measure a loss of 1 %O / 
h with a resolution of 1 %C / h within one minute. Now one 
might naively think this means we could meaSure a lifetime 
of 1000 hours with a resolution of 1000 hours. This is 
certainly not the case. A one sigma positive fluctuation in 
loss already corresponds to an infinite lifetime. Not only the 
variance in terms of tau is much worse, it is also ill 
distributed (see figure 1). This leads to too low most probable 
values of lifetime, a too high average and a significant 
number of reversed sign lifetime measurements. Presenting 
this to the user obviously creates some confusion - to say the 
least. 
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Fig. 1: probability distribution for measuring a specific 
lifetime T. Basis of this plot is a normal distributed loss of 
0.001/h with a standard deviation of 0.001/h. Note the total 
distortion and the extra minimum at small values. 

This problem only exists for the range of losses of 
L=+lO@L), if one is content with accuracy of the order of a 
few per cent. The effect is disastrous for measurements in the 
L=+~G(L) range. For the protons with their extremely long 
lifetimes, such situations are quite common. So it is much 
better to use the relative loss instead of the lifetime. However, 
the lifetime has some intuitive value in its own right. So for 
our lifetime display, we in fact plot the lifetime 7 on a 1;~ 
grid. This hides the fact that we have a plot linear in loss. So 
all values drawn have at least comparable and in space 
symmetrical errors. Nole that a logarithmic display would be 
still too mild to encompass values up to and above infinity in 
lifetime, the logarithm of a negative lifetime isn’t even 
defined and a cutoff in lifetime is a quite artificial an 
construct. 

3. SELECTING AN OPTIMAL SET OF POINTS FOR 
THE LOSS/LIFETIME E?II 

The basic idea is to try to find as many consecutive points 
of the immediate current history as necessary for a resolution 

0(&)/L of a few percent and to try to ignore those parts of the 
present curve with a different loss. For example ten seconds 
ago there may have been an electron injection with a 
resulting small loss in proton current. This is usually not 
even noticeable in the current display itself, but for our 
extremely long proton lifetimes it is a big step down in 
current. So one only wants to use the points after the 
injection for the lit. But even if there is a potentially infinite 
pool of good consecutive measurements, one doesn’t want to 
consider more thnn necess<ary. so as to reduce the “integration 
time” and hence the actuality of the result. 

3.1 The Ideal Number of Points 

The aim here is to try to collect points until one gets a 
relative resolution in loss of ca. 2 %, The algorithm should 
not be biased to large current difference fluctuation. 

Aside from a statistical improvement (large number n of 
measurements) the relative resolution is basically given by 
the difference in current between the first and last measured 
point AI. From (4) it follows for the required AI: 

- 
AI= &.a(I) 6.(n-1) 

o(L)/L 
(5) 

n.(n+l) 
This formula gives a quick estimate of at what stage it is 

worthwhile to stop considering more past data points. For the 
HERA application this formula is generalised taking into 
account the averaged current measurements over the different 
sized time intervals. The formula is only reliable for CR&)/L 
reasonably small. For HERA o(L)/Lg2% is used, allowing 
measurements down to IO=100 o(1) with a nonlinearity error 
of then a similar order of magnitude. 

It is essential not to stop taking more points as soon as a 
fixed AI is reached. This would lead to biasing in favour of 
stopping at points with a large fluctuation in current 
difference, leading to systematic overestimates of the lifetime. 
In the algorithm presented there are fixed values for the 
number of collected points, n, at which the collection is 
stopped if condition (5) has been satisfied at least once. Each 
such stop point corresponds to a significant change in the 
o(L) resolution. So we try to be sensitive to a true 
enhancement in resolution and not so much to fluctuations. 

This still is not as bias free as one would naively think. It 
doesn’t take care of coherent fluctuations of the DC 
transformer with time scales of the order of the measurement 
times, which are known to exist. 

3.2 Noticirlg Significaru Changes in the Loss Relfbre All 
Points are Collected 

Now WC leave simple mathematics and enter the realm of 
simple pattern recognition. Here one has to use the data 
points to estimate which data points belong to the relevant set 
for the loss measurement and still be relatively bias free. 

The idea is the following (fig. 2): take the most recent 
three points and then use the first and the third point to 
estimate the expected current difference between any 
consecutive two points. Use this difference to calculate the 
expected value for the next most recent current. If the actual 
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measured current differs significantly from the expected one, 
don’t take this or any further point for the fit. Otherwise 
continue backward in time with this test. 
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Fig. (2) Search street of 6.5 standard deviations in current 
resolution is used for finding the current values used for 
fitting. The centre line of the search street is given by the 
previous point corrected by the slope of the first three points. 

How wide should the search street be chosen? One has to 
consider two points: First one doesn’t want to lose more 
information than necessary. Second one doesn’t want any 
wrong one. For a street width of 56.5 o(I) the chance of our 
300 to 1200 collected values to survive this cut is in the few 
percent mnge. Note that this estimate is very sensitive to the 
quality of your resolution guess in the shape of the resolution 
distribution tail. 

The sensitivity due to adiabatic changes in loss is very 
low though. For a current of 20 mA only a loss of more than 
10% / h would fall with one st,andard deviation out of the 
street. One would get for adiabatic loss changes an averaged 
loss over the ideal amount of current measurements. In 
practice this is not the proble,m, Either the changes are really 
very slow, than the average is a good practice or they are not, 
than there are significant steps in current. 

4. CONCLUSION 

With this algorithm we then can provide stable pictures of 
the lifetime (fig. 3a, 3b) for the HERA control room. 

Also in the case of small current losses this algorithm 
usually leads to better results than one would get by 
determining the fitting ranges by eye. Often the small steps 
in current, which accompany a change in loss, escape 
undetected. 

The major improvements that could still be done for the 
lifctimc measurements arc in the improvement of the 
absolute current measurements. One could take the magnet 
currents of the proton and electron ring into account (100 
GeV of proton ramp fakes 0.001 mA of current, the electron 
magnet cycle fakes a current range of 0.0036 mA). Second it 
would be worthwhile to study the effect of the toroid 
temperature on the current readings. 

Fig. 3a Plot of the lifetime of the past 5 Minutes. 

Fig. 3b Plot of the lifetime of the past SO Minutes. 

time [min] 1 
Fig 3 Both 3a and 3b were taken on a typical day with 

luminosity, where I just needed the plot, at the same time. 
Plotted is the lifetime z on a l/2 (i.e. linear in loss) display. 
The vertical scale shows the lifetime from 200 (a) / 100 (b) 
hours to past infinity. Typical measurement times for each 
point were a few hundred seconds*. I,=25 mA, I,=9 mA 
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‘So the wavy structure just shows fluctuations in the current 
passed slowly through the fitting window. 
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