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Cryogenic bypass diodes are part of the baseline powering layout for the circuits of the new Nb3Sn based
final focus magnets of the high luminosity Large Hadron Collider. They will protect the magnets against
excessive transient voltages during a nonuniform quenching process. The diodes are located inside an
extension to the magnet cryostat, operated in superfluid helium and exposed to ionizing radiation.
Therefore, the radiation tolerance of different types of diodes has been tested at cryogenic temperatures in
CERN’s CHARM irradiation test facility during its 2018 run. The forward bias characteristics, the turn-on
voltage and the reverse blocking voltage of each diode were measured weekly at 4.2 K and 77 K, as a
function of the accumulated radiation dose. The diodes were submitted to a total dose close to 12 kGy and a
1 MeV neutron equivalent fluence of 2.2 × 1014 cm−2. After the end of the irradiation program the
annealing behavior of the diodes was tested by increasing the temperature slowly to 293 K. This paper
describes the experimental setup, the measurement procedure and the analysis of the measurements
performed during the irradiation program as well as the results of the annealing study.
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I. INTRODUCTION

CERN’s Large Hadron Collider (LHC) and its upgrade
high-luminosity LHC (HL-LHC) rely on superconducting
magnets to achieve high magnetic fields and large field
gradients, which are necessary to guide high energy
hadrons on a circular trajectory and to focus the charged
particle beams in four interaction points where two counter-
rotating beams collide. The LHC main dipole and quadru-
pole circuits located in each of its eight arcs are powered in
long strings of magnets with a length of about 2.8 km.
Each of the 8 main dipole and 16 main quadrupole circuits
are powered by a single 13 kA power converter. In case
one magnet within such a circuit transitions from the

superconducting to the normal conducting state, i.e.,
experiences a quench, the current in the circuit needs to
be bypassed around the quenched magnet. This is achieved
by connecting a bypass diode in parallel to each magnet.
This diode starts to conduct as soon as the resistive voltage
of the quenched magnet is higher than its turn-on voltage.
The diodes in the LHC main dipole and quadrupole

magnets are mounted in proximity to the magnets allowing
short, local routing of the current bus bars. However, due to
their proximity to the beam axis, the diodes are impacted by
secondary particle debris from interaction of the beams
with residual gas molecules or by collision debris from the
interaction region. Therefore, the assessment of the radi-
ation tolerance of such diodes is of high importance, to
ensure that the operational parameters stay within the
specification during the lifetime of the circuit.
The new HL-LHC final focus quadrupole magnets,

called the inner triplets, will be installed in the high
luminosity interaction regions located at IR1 (ATLAS)
and IR5 (CMS) [1]. They will be based on Nb3Sn super-
conducting coils [1–4]. Cryogenic diodes are foreseen in
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the baseline of the powering scheme of these new inner
triplets. The diodes will be exposed to large radiation dose
and particle fluences due to their location in proximity of
the interaction points. The expected radiation levels in these
cold diodes will exceed the ones of the existing LHC cold
diodes by one order of magnitude. Therefore, based on the
experience of the LHC cold diode testing, an irradiation test
program was launched to qualify two new prototype diodes
and to determine a diode type suitable for HL-LHC. The
LHC type diodes were as well included in this program to
verify their suitability for the HL-LHC era.
This paper describes the experimental setup of the

irradiation program and its results.

A. Radiation tolerance of LHC type diodes

For LHC’s main lattice superconducting magnets, a
suitable diode type has been found and qualified in several
test programs [5–7]. The LHC cold diodes are diffusion
type power diodes with a n-base width of 10 μm [5],
mounted in a small extension of the magnet helium vessel
and have been successfully used during the nearly ten years
of LHC operation.
The expected total ionizing dose (TID) ΦD and the

1 MeV neutron equivalent (neq) fluenceΦneq for the diodes
of the LHC dipoles over the machine lifetime was estimated
to be ΦD ¼ 200 Gy and Φneq ¼ 1.2 × 1012 cm−2 [6].
Extensive studies have been performed, exposing these
diodes to ΦD ¼ 2 kGy and Φneq ¼ 3 × 1013 cm−2 [7] and
evaluating the behavior under the influence of radiation,
at cryogenic temperatures. The same type of diode had
later been qualified for the FAIR project, to ΦD ¼ 1.2 kGy
and Φneq ¼ 2.2 × 1014 [8]. However, the irradiation was
performed at 77 K and some of the tested diodes were
warmed up to room temperature after each irradiation step.

Furthermore, testing was only done up to a maximum
current of 7.5 kA.
Two dipole diodes that had been installed in the LHC for

the past 10 years of operation have been extracted recently
during the long shutdown (LS2). They were extracted from
a position were the lifetime dose was expected to be
maximal along the LHC ring and had seen up to
500 Gy since their installation. Further studies on these
diodes are foreseen in the near future [9].

B. HL-LHC inner triplet circuits

Figure 1 shows the electrical layout of the HL-LHC inner
triplet circuits in IR1 and IR5. Cold diodes will be installed
in parallel to the quadrupole magnets Q1, Q2a, Q2b, and Q3.
The quench protection system of these circuits is designed to
quench all magnets in case of one circuit element changes
into its normal conducting state. Therefore, these diodes will
protect the magnets against excessive transient voltages
during a nonuniform quenching process.
The diodes will be located in an extension to the cryostat

close to the separation dipole D1 and immersed in super-
fluid helium. They will be exposed to radiation induced by
the collision debris from the interaction point. A dose of
ΦD ¼ 12 kGy and a fluence Φneq ¼ 5 × 1013 cm−2 was
estimated, using the FLUKA Monte Carlo code [12,13], at
the foreseen position of diodes for the lifetime of the HL-
LHC [14,15]. The operating conditions as well as the
electrical requirements for the diodes in the circuit shown in
Fig. 1, are listed in Table I.

C. Irradiation program

An irradiation program in the CERN’s High energy
Accelerator Mixed field facility (CHARM) [16–18] was
performed to validate different types of cold diodes for the

FIG. 1. Circuit layout of the HL-LHC inner triplets for IP1 and IP5. The drawing shows the quadrupoles Q1, Q2a, Q2b, Q3, the main,
and trim power converters with their crowbars, the Coupling Loss Induced Quench protection systems (C) [10] and the cold diodes [11].
Image adapted by courtesy of CERN’s Magnet Circuit Forum (MCF).
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use in the described radiation environment. The diode
properties were characterized in-situ as a function of the
integrated dose and particle fluence at cryogenic temper-
atures. A more detailed description of the irradiation
program and its goals has been published in [19].

D. Experimental setup

A photo of the inner part of the experimental setup is
shown in Fig. 2. The cryostat houses a cryocooler with two
stage plate interfaces. One stack of four diodes is attached to
each stage. The first stack is thermally anchored on the first
stage of the cryocooler, which is operated between 50 K and
77 K. The second stack is thermally anchored on the second
stage of the cryocooler and kept at ∼4.2 K. The setup allows
to measure the forward and reverse bias characteristics of the
diodes. At the first stage, forward current pulses of few
millisecond duration and with a maximum current of 18 kA
can be applied. To suppress the inductive component in the
measured voltage signal, the voltage was measured at the
peak of each current pulse, where dI=dt ¼ 0. The forward
characteristics was probed step-wise by increasing the
current pulse amplitude. The turn-on voltageUto is measured
by applying linear voltage ramps with a ramp rate of 50 and
100 V=s, while measuring the current flowing through the
diode. Once the diode is conducting, the current rises steeply
and Uto is measured, when the current reaches a threshold
level of 200 mA. On the second stage, the forward current is
limited to about 1 A, as self-heating at low temperatures is
significant. This limits the measurements under forward bias
only to the turn-on voltage Uto on this stage, while on the
first stageUto and the forward voltageUf can be determined
for various current amplitudes. The reverse bias voltageUrev
can be measured in-situ for the diodes in both stacks. A
logarithmic current sweep from 1 μA to 1 mA is performed
and the voltage is recorded. At a reverse current of 1 mA,
reverse breakdown occurs, however, the current limit pre-
vents the wafer from damage. A more detailed description of
the in-situ measurements can be found in [19].

E. Types of tested diodes

The diode types used are prototypes of power diffusion
diodes, each having a specific pþnnþ doping profile and a
different n-base width. The n-base width is defined as the
distance of the junction depths, i.e., the intersections of
the pþ and nþ doping profiles with the n-doping level
of the Silicon wafer before the diffusion process of
≈9 × 1013 cm−3. A negative base width suggests that the
two profiles overlap. The difference in n-base width does
neither affect Uto nor UfðIÞ of these virgin diffusion type
diodes, while Urev decreases with decreasing n-base width.
Table II provides an overview of the parameters of the

different diodes used in the experiment. The diodes are

FIG. 2. Inner part of the experimental cryostat for testing of the
radiation tolerance of cold diodes for the HL-LHC triplets. The
setup is based on a cryocooler and houses two stacks of 4 diodes
each. Diodes D1-D4 are mounted on the first stage plate (77 K),
diodes D5-D8 on the second stage plate (4.2 K).

TABLE I. Operational conditions and electrical requirements of
the cryogenic bypass diodes for the HL-LHC inner triplet circuit.

Operational conditions

Operating temperature 1.9 K
Heat pulse integral 4.9 × 106 A2 s
Lifetime dose (ΦD) 12 kGy
Lifetime 1 MeV neq fluence (Φneq) 5 × 1013 cm−2

Maximum current 7 kA

Electrical requirements

Turn-on voltage at 1.9 K (Uto) <15 V
Turn-on time <50 μs
Diode series resistance at max. current (Rs) <0.5 mΩ
Reverse voltage at 1.9 K for Irev ¼ 1 mA (Urev) >200 V

TABLE II. Parameters of diode prototypes and their corre-
sponding labels as used in this article. The temperatures at
which the in-situ characterization was performed is indicated in
brackets.

Diode label n-base width Urev

LHC Reference D1(77 K), D8(4.2 K) 10�5 μm 520�10V
Thin base D2(77 K), D7(4.2 K) 0� 5 μm 400�5V
Very thin base D3(77 K), D6(4.2 K) −10�5 μm 250�20V

D4(77 K), D5(4.2 K)
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named LHC reference (D1, D8), thin base (D2, D7), and
very thin base (D4, D5, D6, D7). The LHC reference diode
is the same type as currently installed across the main
dipole and quadrupole magnets of the LHC. Thin and very
thin base types are new prototypes, especially manufac-
tured for this irradiation program.

F. Dosimetry

Table III summarizes the total ionizing dose (ΦD) and
fluence (Φneq) accumulated in each diode at the end of the
6 months long irradiation program. The simulated dose and
fluence rates were validated using two PIN diodes mounted
at the diode stacks and two RADMON detectors [20] on the
cryostat walls upstream and downstream in respect to the
beam during a calibration run prior to the irradiation
program. Based on these results, FLUKA simulations were
performed to derive ΦD and Φneq for each diode wafer as a
function of the number of protons impacting on the
CHARM target. The difference between the diodes pre-
sented in Table III can be explained by their geometrically
different position with respect to the beam axis. From the
calibration run an uncertainty of 25% was estimated on the
absolute values given in Table III. This includes the
uncertainty of the cross check between RADMON mea-
surements and FLUKA simulations, as well as the uncer-
tainty of the protons on target.

II. RESULTS OF THE IRRADIATION PROGRAM

This section presents the results of the measurements.
Where possible, all prototypes are shown for comparison.
Some data is only shown for the LHC reference and very
thin base diodes, as the thin base diodes usually rank in
between the two other types in terms of their sensitivity to
radiation.

A. Behavior of forward voltage due to radiation
damage measured at 77 K

Figure 3 shows the relative increase of the measured
forward voltage Uf of diode D1 and D4 as a function of
Φneq for currents from 1 kA to 18 kA. The absolute value of
Uf for the virgin diodes varied from 1.14 V at 1 kA to

1.72 V at 18 kA. A steep increase of the forward voltage
up toΦneq ∼ 0.75 × 1014 cm−2 can be observed for currents
above 2 kA. Above Φneq ∼ 0.75 × 1014 cm−2, the original
steep increase flattens out and from Φneq ∼ 1 × 1014 cm−2,
the increase appears to become linear. The relative increase
at 18 kA reaches ∼43% for diode D4 and ∼83% for
diode D1 at the end of the irradiation program. All diodes
showed qualitatively the same behavior but with signi-
ficant differences in the slope of the linear part. For cur-
rents ≲2 kA, diode D1 shows a nonlinear increase
for Φneq ≳ 1 × 1014 cm−2.
Figure 4 shows the relative change of Uf versus Φneq at

18 kA for the diodes D1, D2, D3, and D4. The diodes with
the smallest n-base widths (D3, D4) showed the lowest
increase of Uf of about 40% and behave very similar. For
the LHC reference diode (D1) Uf nearly doubles and the
thin base width diode (D2) lies in between the two other
types. The lower degradation of the forward voltage
correlates—as expected—with the reduction of base width.

B. Temperature increase in Si-wafer

The forward characteristics was probed stepwise by
increasing the current pulse amplitude. All current pulses
have been applied at a starting temperature of 77� 0.5 K.
The current pulses have a duration of few milliseconds,
with the current peak reached after about 700 μs. The
energy deposited into the wafer due to the current is non-
negligible. It increases with increasing amplitude and raises
the temperature of the wafer. This effect causes a decrease
of the measured voltage signal, due to the negative

TABLE III. ΦD and Φneq for each diode at the end of the
irradiation program.

Diode D1 D2 D3 D4

Φneq in 1014 cm−2 2.09 2.15 2.27 2.28
ΦD in kGy 10.40 11.17 11.06 10.24

Diode D5 D6 D7 D8

Φneq in 1014 cm−2 1.74 1.75 1.70 1.66
ΦD in kGy 11.00 11.02 12.20 9.75

FIG. 3. Measured relative increase of the forward voltage Uf in
diode D1 (top) and diode D4 (bottom, as in [21]) as function of
Φneq, for currents from 1 kA to 18 kA.
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temperature dependence of the forward voltage. The wafer
temperature during a current pulse was evaluated with a
transient thermal simulation of the experimental setup
using the measured forward characteristic. The simulations
yielded wafer temperatures of ∼84 K for D4 and ∼87 K for
D1 when reaching the peak of 18 kA for their character-
istics at the end of the irradiation program. The measure-
ments during the thermal cycle allowed to derive dUf=dT.
The calculated temperature increase is, therefore, equiv-
alent to a decrease of Uf of about 200 mV. This corre-
sponds to 8% of the measured voltage signal at this current
level. For simplicity, this effect was considered as an
absolute systematic error, indicated by the error-bars in
Fig. 4. Note, that the self-heating effect is negligible for
currents below 12 kA.

C. Dynamic series resistance increase

The dynamic series resistance of the diodes was calcu-
lated numerically from the gradient of the measured
forward characteristic UfðIfÞ. The values are shown in
Fig. 5 as a function of the current for diode D1, D2, and D4.
The increase in resistance with increasing Φneq is less than
0.12 mΩ for all diodes. The specified upper limit of
0.5 mΩ, as mentioned in Table I, was not exceeded in
any case.

D. Fits using the full Shockley equation

The Shockley equation [22] defines the voltage drop Uf
over a diode, when a current I is flowing, as

Uf ¼ IRs þ
lkBT
e

ln

�
I
Is
þ 1

�
: ð1Þ

Here, kB is the Boltzman constant, l the ideality factor, e the
elementary charge and Is the saturation current. The series
resistance Rs was extracted as the tangent’s slope on the
measured UfðIfÞ curves for the peak of the current pulse.
Figure 6 shows the increase of the series resistance as a
function of Φneq for diodes D1 to D4. The series resistivity
resulting from the ohmic resistance of the n-base silicon can
be expressed as

ρ ¼ 1
e2
me
nτe þ e2

mh
pτh

; ð2Þ

with the scattering lifetimes of electrons and holes
τe=h, electron and hole effective masses me=h and the
charge densities of electrons and holes n and p [23].
The inverse lifetimes grow linearly with increasing

FIG. 6. Schockley series resistance extracted from the forward
characteristics of the diodes, as a function of Φneq. A fit using a
functional dependence in the form of Eq. (2) was performed. The
fit parameters for D1 are KR;h ¼ 9.8 × 10−19 and KR;e ¼
2.7 × 10−19, for D4 the fit yields KR;h ¼ 7.7 × 10−21 and KR;e ¼
1.2 × 10−18 in the units of Ωcm2 respectively.

FIG. 5. Dynamic series resistance Rd of diodes D1, D2, and D4
as a function of the current after the end of the irradiation
program. The series resistance was calculated from the gradient
of the measured forward characteristics curves. The reference
values were derived from the CHARM calibration run before
irradiation and from a lab setup.

FIG. 4. Relative change of the forward voltage Uf versus Φneq
at 18 kA for the diodes D1, D2, D3, and D4. The last
measurement points of each diode indicate the value of Uf after
a thermal cycle to room temperature. The dotted lines indicate the
equivalent Φneq levels of Uf after the thermal cycle. The error-
bars correspond to a 25% uncertainty inΦneq and an error ofþ8%

in the forward voltage due to self-heating. Image adapted
from [21].
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radiation displacement damage and, therefore, in the first
order are proportional to Φneq [24]:

1

τe=h
¼ 1

τ0;e=h
þ KτΦneq; ð3Þ

with proportionality factor Kτ. Inserting Eq. (3) in Eq. (2),
the resistivity can be derived as a function of Φneq. The
main contribution to the resistance originates from the low
doped narrow n-base region, where the resistivity is high-
est. As an approximation, the doping profiles are assumed
to be step-functions, and the resistance is derived as

Rs ¼
1

ðR0;e þ KR;eΦneqÞ−1 þ ðR0;h þ KR;hΦneqÞ−1
; ð4Þ

with the degradation coefficients KR;h and KR;e in units of
Ωcm2. A fit to the measured series resistances, using the
above equation, results in the values of KR;e and KR;h as
indicated in Fig. 6. Due to the different effective mass of
electrons and holes, the contribution of the two lifetimes
differs significantly, leading to different orders of magni-
tude for the degradation coefficients. As long as one of the
two lifetimes is dominating, a linear growth of resistance
can be assumed [see Eq. (2)]. This is the case in the regime
Φneq ≳ 1 × 1014 cm−2, where the growth becomes linear
(compare [6]).
The Schockley equation shown in Eq. (1) with the

dependencies in Eq. (4) has seven free fit parameters.
However, the resistance as a function of fluence, presented
in Eq. (4), can be extracted directly from the measured data,
as described above. Three free fit parameters remain: the
ideality factor l and the saturation current Is, for which it is
usually assumed [25]

IsðΦneqÞ ¼ Is;0 − KIΦneq; ð5Þ

with original saturation current Is;0 and the damage
coefficient KI . The fits on the full dataset UfðIf;Φneq;
T ¼ 77 K) using this model are shown in Fig. 7 for D1 and
D4. The model represents the trends of the measurement
very well. The onset of nonlinear growth of voltage in the
lower current regime ≲2 kA can be clearly seen. It results
mathematically from the decrease in Is, leading to a
divergence in the logarithmic part of Eq. (1). The linear
decrease as in Eq. (5) can therefore only be valid until Is
approaches zero. Close to zero, the linear model is
no longer physical but approaches zero asymptotically.
Within the measured range of Φneq ∼ 2 × 1014 cm−2, the
linear model stays valid.
To avoid the nonphysical divergence for Is → 0,

an exponentially decaying saturation current model is
proposed

IsðΦneqÞ ¼ Is;0 · exp ð−KIΦneqÞ; ð6Þ

which can be used for extrapolation. For low regimes of
damage, i.e., KIΦneq ≪ 1, this can be expanded in a Taylor
series yielding

IsðΦneqÞ ≈ Is;0 − KI;1Φneq þOðKI;2ΦneqÞ2; ð7Þ

and representing Eq. (5) in the first order approximation.
The fits, including the extrapolation for both the expo-

nential and linear models are plotted in Fig. 8. They clearly
show the divergence of the linear model. For diode D1, this
starts shortly after the maximum measured fluence. For the
other diodes, the linear and exponential models coincide for
a longer range, before the divergence in the linear model

FIG. 7. Schockley equation fit on the full dataset
UfðIf;Φneq; T ¼ 77 KÞ for diodes D1 and D4.

FIG. 8. Schockley equation fit on the full datasets
UfðIf;Φneq; T ¼ 77 KÞ for diodes D1, D2, and D4, based on
the exponential model. The forward voltage at a current of 18 kA
was extrapolated up to a Φneq ¼ 1 × 1015 cm−2 assuming the
linear and exponential model.
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separates the two curves abruptly. For this regime the linear
model loses validity and the exponential model should be
used. Future measurements have to show if the proposed
model is valid for those fluences.

E. Turn-on voltage

The turn-on behavior was studied in this experiment by
applying a linear voltage ramp of 50 V=s and 100 V=s and
measuring the current through the diode. The turn-on
voltage UtoðIÞ is then defined as the voltage at a current
of 200 mA. This definition is arbitrary, but quite robust
as the current rises very steeply once the diode is con-
ducting, and a change in this criterion of current level does
not significantly alter the observed turn-on voltages. The
criterion ensures that the diodes are in a fully conducting
state. Figure 9 shows Uto for all diodes as a function of
Φneq. Uto increased by 1.8 V (30%) for diode D5 and by
2.7 V (46%) for diode D8. Similar to the observation for
the change of Uf, the LHC reference diodes experience
the strongest and the very thin base diodes the least
degradation.
The measured turn-on voltage at 77 K does not signifi-

cantly alter after exposure to Φneq for D2, D3, and D4, as
shown in Fig. 9. D1 (LHC reference) shows an irregular
increase for Φneq ≳ 1 × 1014 cm−2. This corresponds to
the nonlinear increase of the forward bias voltage at
lower currents (≲2 kA) in the LHC reference diodes
mentioned above.

F. Reverse blocking voltage

The leakage current under reverse bias is measured
as a function of the applied voltage up to the reverse
breakdown. In this study a logarithmic current sweep was
performed from 1 μA to 1 mA and the voltage for each
current step was measured. The reverse blocking voltage
Urev was defined as the voltage at Irev ¼ 1 mA. Figure 10
shows the evolution of the measuredUrev for all diodes as a
function ofΦneq. An increase of up to 20% was observed. It
is important to mention that diodes of the same type have a
very similar behavior of Urev, independent of their operat-
ing temperature (4.2 K or 77 K).

III. TEMPERATURE DEPENDENCE
AND ANNEALING

At the end of the irradiation program, an annealing study
was performed, where the diodes were warmed up to 293 K
and temperature dependent measurements were performed
on various temperature levels during this warm-up. In a
subsequent cooldown, the diodes’ properties were mea-
sured and compared to the values before the thermal cycle.
In HL-LHC, two scenarios of warm-up are envisaged.

First, during a quench, where the diodes could reach room-
temperature for a short period of time. Second, during long
shutdowns of the accelerator a warm up for weeks or
months could be expected. These long warm-ups could be
expected twice during the lifetime of the cold diodes for the
new HL-LHC triplet circuits. Therefore, it is important to
understand the impact of such warm-ups on the diode
properties.

A. Annealing of Uf and Uto

The annealing effect due to the thermal cycle is clearly
visible in the measured turn-on (Uto) and forward (Uf)
voltages, as indicated in Figs. 4 and 9. Figure 4 shows the
values of forward voltage after annealing and indicates the
equivalent level of Φneq. The absolute voltage change after
annealing is different for all diode types. However, the
equivalent Φneq levels are very similar. This agrees with the
expectations as annealing is a thermally driven process and
proportional to the defect density.

FIG. 9. Top: Turn-on voltage Uto of D1, D2, D3, and D4 as a
function of Φneq measured at a current of I ¼ 0.2 A at 77 K [21].
Bottom: Turn-on voltageUto of D5, D6, D7, and D8 as a function
of Φneq measured at a current of I ¼ 0.2 A at 4.2 K. The last
measurement points of each diode indicate the value ofUto after a
thermal cycle to room temperature. The dotted lines indicate the
equivalent Φneq levels for these annealed Uto values.

FIG. 10. Reverse blocking voltage Urev at a reverse current of
Irev ¼ 1 mA, as a function of Φneq [21].

CHARACTERIZATION OF THE RADIATION … PHYS. REV. ACCEL. BEAMS 23, 053502 (2020)

053502-7



The annealing as a function of the current is shown in
Fig. 11 for diodes D1, D2, and D4. The measured relative
change of Uf at the end of the irradiation program and after
the thermal cycle are plotted for all currents. The nonlinear
increase in forward voltage at lower currents for D1, visible
as a bump on the curve, disappeared after the thermal cycle.
The reason for this behavior is unknown.

B. Temperature dependence of Uto

The temperature dependence of Uto for diode D5 is
shown in Fig. 12 as an example. The measurements were
performed from 3.9 K to room temperature during a slow
warm-up following the end of the irradiation program.
Uto is almost constant between 3.9 K and 5 K. Therefore,

no significant increase of Uto is expected between 3.9 K
and the operational temperature of the cold diodes in HL-
LHC of 1.9 K as indicated in Fig. 12. With increasing
temperature Uto decreases rapidly to ∼1.2 V at 30 K and
finally to ∼1 V at 50 K from where it decreases linearly to a
value of 0.3 Vat room temperature. The other diodes in the
experiment show a similar behavior.

C. Temperature dependence of Uf

Figure 13 shows the dependence of Uf on temperature,
from 65 K to room temperature for different current levels
for diode D4. Due to the negative temperature coefficient of
the diode Uf decreases with increasing temperature. For
currents If ≳ 2 kA, the influence of the voltage drop over
the base resistance becomes significant, causing an increase
of Uf with increasing temperature for T ≳ 150 K.
The curves are fitted assuming a dependence of the form

Uf ¼ C1ðIÞ · exp
�
T0

T

�
þ C2ðIÞ · T þ C3ðIÞ; ð8Þ

with fit coefficients C1, C2, C3, the exponential term
originating from the temperature dependence of the base
resistance and the linear temperature dependence originat-
ing from the Shockley equation (1). The fits reproduce the
measurements well and can, e.g., be used for circuit
modeling or thermoelectric simulations, when analytical
formulations are required. The behavior of the other diodes
is similar.

D. Leakage current under reverse bias

Figure 14 shows the leakage current Ir as a function of
the reverse bias voltage Ur at selected temperatures for D3.
The measurements were performed during the thermal
cycle at the end of the irradiation program. The leakage
current for a given reverse bias voltage shows a strong
temperature dependence between ∼250 K and room tem-
perature. Comparing the room temperature measurements
before (red) and after the irradiation (yellow) shows an
increase of the leakage current by two orders of magnitude
due to the radiation damage.
Based on literature, the leakage current as a function of

the reverse bias voltage increases linearly with Φneq [25]

ΔI ¼ KI · V ·Φneq; ð9Þ

with the damage coefficient KI and the wafer active volume
V. Assuming V as the full diode wafer volume and using

FIG. 11. Relative increase of the diodes’ forward voltages at the
end of the irradiation program (solid lines) and after the thermal
cycle (dotted lines), as a function of the current. The measure-
ments were performed at 77 K. D3 was omitted in this plot for
better visibility, however it behaves very similar to D4.

FIG. 12. Uto of diode D5 from 3.9 K to room temperature and
zoom between 0 and 10 K. The orange reference indicated theUto
value at the beginning of the irradiation program [21].

FIG. 13. Uf of diode D4 from 65 K to room temperature for
different current levels.
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Φneq of D3 at the end of the irradiation program, one
can derive from Eq. (9) the damage coefficient as
KI ¼ ð1.2þ3

−1.1Þ × 10−17 Acm−1. This value is in the same
order of magnitude as quoted in literature. Note, that the
change of the leakage current at room temperature as
function of Φneq has not been measured during the
irradiation program, as no intermediate warm-ups were
performed. However, the observed increase of the leakage
current after the irradiation is fully conform with the
requirements for the new HL-LHC triplets.

IV. SUMMARY AND CONCLUSION

Three types of power diodes with different pþnnþ
doping profiles, i.e., different n-base widths, were irradi-
ated up to Φneq ¼ 2.2 × 1014 cm−2. During the irradiation,
the diodes were kept at cryogenic temperatures of either
4.2 K or 77 K. In-situ measurements of the diode character-
istics in forward and reverse bias mode were performed
regularly with pulsed currents up to 18 kA. The specified
operational parameter limits of the diodes (see Table I) for
the use in the new HL-LHC triplet circuits were not
exceeded for any of the diode types at the end of the
irradiation program. The very thin base-width prototypes
showed the least degradation in the forward bias voltage at
77 K. No significant difference in the turn-on behavior at
4.2 K between the different prototypes was observed. The
turn-on voltage at 77 K as well as the forward voltage in the
low current regime up to 2 kA of the LHC reference diode
show a nonlinear increase for Φneq ≳ 1 × 1014 cm−2.
An exponential behavior in the decrease of the diodes’

saturation current was assumed, to overcome a physically
implausible divergence in the Schockley equation, that
arises when the saturation current approaches zero. Fits of
the Schockley equation on the dataset, using this extension,
allow an extrapolation up to Φneq ∼ 1 × 1015 cm−2. At the

end of the program, the annealing of the radiation damage
was studied during a slow increase of the temperature to
room temperature. The annealing of the accumulated
radiation damage recovered several tens of percent of
the degradation of the forward voltage Uf, depending on
the diode type. Although the absolute amount of annealed
voltage is different for all diode types, the equivalent Φneq

levels are very similar.
Following the positive outcome of this study, the

cryogenic by-pass diodes were implemented into the
baseline circuit layout of the new HL-LHC triplets.
Furthermore, the very thin base-width type diodes were
selected for this application.
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