
+

AMS & Exploration 
B.Bertucci, 

 University & INFN Perugia 



+

10/04/18 B.Bertucci 

2 

H. Gerstenmeier   



+ Space exploration & radiation  

Cucinotta, 2001 
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Knowledge of radiation is a key point for planning long term manned 
missions out  of the earth magnetosphere. 

Galactic cosmic rays  

Solar particles  

Most important source of dose (≈90 rem/yr) 
Difficult to shield  



+ A sensitivity analysis (Slaba & Blattnig 2014) 
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+ A sensitivity analysis (Slaba & Blattnig 2014) 

ü  Z>1 contribute with 42 % : ions are relevant 
ü  bulk of the dose comes from CR with  E/n > 500 MeV 
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+ Galactic CR & the Heliosphere 

Galactic CR 

Solar wind 
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A turbulent solar wind with an embedded Heliospheric Magnetic Field 
influence the spectrum of Galactic CR up to several GeVs.  



+ Modeling CR transport in Heliosphere 
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Flux Diffusion Convection Particle drift Energy losses Source 
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+ Modeling CR transport in Heliosphere 
 

Large Scale structure of 
magnetic field 

(gradients & curvature) 

Effect of the solar wind 
moving out from the Sun 

 Adiabatic 
expansion of the 

solar wind 

Flux Diffusion Convection Particle drift Energy losses Source 

Small Scale 
Magnetic Field 
irregolarities 

GCR 
particles 
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+ Continuous solar changing conditions 
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CYCLE 21 CYCLE 22 CYCLE 23 CYCLE  
24 CYCLE 20 

A < 0 A > 0 A < 0 A > 0 

A > 0 A < 0 
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10 A complex magnetic field 

-  Latitude dependence and Archimedeal spiral due to sun rotation 
-  Intensity / Polarity  changing in time : undefined in solar max 
-  A wavy neutral current sheet changing with tilt angle  
 



+ A plethora of approaches/methods 
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Solar :  
understanding the Heliosphere 
all models are solution of the Parker 
equation, different approaches and focus 
studies on dedicated aspects of the 
problem 
 

CR / DM : 
retrieving the LIS spectrum 
effective models to unveil the LIS-GCR 
spectra.Minimal parameters, minimal 
computing time. Basic physics insights on 
the modulation process 

Space Agencies: 
forecasting for mission planning 
effective parametric models driven by 
observations relating model parameters to 
solar activity indicators.   
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Solar :  
understanding the Heliosphere 
all models are solution of the Parker 
equation, different approaches and focus 
studies on dedicated aspects of the 
problem 
 

CR / DM : 
retrieving the LIS spectrum 
effective models to unveil the LIS-GCR 
spectra.Minimal parameters, minimal 
computing time. Basic physics insights on 
the modulation process 

Space Agencies: 
forecasting for mission planning 
effective parametric models driven by 
observations relating model parameters to 
solar activity indicators.   from I.Moskalenko talk  



+ A plethora of approaches/methods 
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Analytical solutions: 
-  only convection (CDA) 
-  Force-Field Approximation (FFA) + 

modified FFA 
-  1D analytical 

Parametric models: 
-  universal LIS shape 
-  FFA inspired modulation parameters as 

a function of SSN + time-lag 

Numerical integration: 
-  1D: radial-dependent features 
-  2D/3D : drift effects, polar 

dependences,asymmetries. 

Stochastic random-walk: 
-  MC propagation of a large number 

of pseudo-particle trajectories 
-  2D/3D 
-  steady state / time-dependent 

Solar :  
understanding the Heliosphere 
all models are solution of the Parker 
equation, different approaches and focus 
studies on dedicated aspects of the 
problem 
 

CR / DM : 
retrieving the LIS spectrum 
effective models to unveil the LIS-GCR 
spectra.Minimal parameters, minimal 
computing time. Basic physics insights on 
the modulation process 

Space Agencies: 
forecasting for mission planning 
effective parametric models driven by 
observations relating model parameters to 
solar activity indicators.   
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Global trends studied by Neutron Monitors: 
-  inexpensive : many NM & long term measurements 
BUT 
-  indirect: no info on different components or energy spectrum 
-  different “normalizations” depending on the geomagnetic cutoff 

Fitting the models? (Input/Test on CR data) 
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15 Fitting the models? (Input/Test on CR data) 

Direct measurements? 
Long term measurements of Z=1,2,>2 by different probes (ACE, PIONEER, 
VOYAGER): different nuclei but limited to low energies … 
 
Higher energies not continuously monitored, PAMELA (2006-2016) only p/e  
fluxes… 
…. 
Only AMS can provide continuous measurements of different CR species 
above GeV 
 

Global trends studied by Neutron Monitors: 
-  inexpensive : many NM & long term measurements 
BUT 
-  indirect: no info on different components or energy spectrum 
-  different “normalizations” depending on the geomagnetic cutoff 



+ AMS & new opportunities for  
modeling GCR in the heliosphere 

§  Refinement of Local Interstellar Spectra 
 
§  Continuous & accurate measurement of time dependent 

structures: 
ü   in a wide energy range 
ü   for different ions   
ü   for positive and negative CR components+/- particles 

Better understanding of 
Heliospheric effects on GCR 
à increase sensitivity to 
signals for fundamental 

physics research 

Better tuning of parametric 
models à increase reliability 

and predictive power 
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+ p/He modulation in the light of AMS-02 
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à  A clear trend of the p/He flux ratio as a function of rigidity  

rigidity [GV]
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Why ? 



+ 1D numerical approach (Pg-Lisbon) 

Some simplifications: 
+ steady state solution @ given time 
+ Radial & homogeneus diffusion. No drift. 

heliosphere 

V 

wind 

cosmic rays 
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Focus on the diffusion parameter: 

K(R,t) = β x  k0(t) x R 

Solve Parker equation numerically & retrieve k0(t) from the fit to proton fluxes 

à assume a dependence on the particle β 
à assume a dependence on R  
à  time dependence and normalization of the coefficient included in k0(t) 

Use the same k0(t) to predict He fluxes 

K(R) = (v/3)λ(R)  λ(R) = universal “composition-blind” mean free path 



+ Comparison to AMS-02 data 
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•  Different p-He LIS and their uncertainties accounted 
•  Isotopic composition accounted 
•  Tested different expressions for the diffusion coefficients 

11/04/18 B.Bertucci 

19 



+
p/He modulation 
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8.5 AMS-02 Calculations (a)
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The p/He long-term structure is a signature of the 
universality of the CR mean free paths λ(R) 
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+

n  Simple 1D models can give insight to specific features in the 
solar modulation effects 
n  cannot be used for forecasting à time dependence on solar 

parameters effectively accounted from fit to reference data 

n  cannot account for more complex effects arising from change of B 
field polarity à i.e. drift effects 

 

Conclusion 1) 
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Following the NASA-STD-7009 prescription 
  
 

Newest Features 
 
•      Added NASA-Q quality factors for dose equivalent response and NASA tissue weighting factors for effective dose calculation. 
•      Added gray equivalent response. Computes the PEL (Permissible Exposure Limit) quantities for Lens, Skin, BFO, CNS 

(Hippocampus), and CNS (Z>10) (Hippocampus). 
•      Added Badhwar-O'Neill 2014 GCR model. 
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+
e.g. solar modulation in BON-2014 

Time dependence of the diffusion in the heliosphere described by the 
same decelerating potential φ (aka solar modulation parameter) for all 
species. 

Fit to different data sets using as input the Sun Spot Number + time delay  
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Flux predictions  based on the effective relation between φ and SSN 



+ Input experimental data 
e.g. Data sets in parametric BON-2014model 
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+
Accuracy vs data sets (Slaba & Blattnig 2014) 

Most of the tuning with low energy (ACE/CRIS) data sets: 
30-50% discrepancy when comparing different models over the full spectrum. 
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+ Input LIS: H, He, C 

•  BON model:  O’Neill et al., NASA/TP–2015–218569 (2015) 
•  Matthia model: Matthia et al. Adv. Space Res. 51, 329-338 (2013) 

ü  AMS-02 from Aguilar et al. Phys. Rev. Lett. 119 (2017) 251101 [in the heliosphere] 
ü  Voyager-1 from Cummings et al. ApJ 831, 18 (2016) [in the interstellar space] 

Data : 
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+
Models compared to data (J.Norbury 2016) 

H He 

•  BON model:  O’Neill et al., NASA/TP–2015–218569 (2015) 
•  Matthia model: Matthia et al. Adv. Space Res. 51, 329-338 (2013) 
•  ISO: https://www.iso.org/standard/37095.html 
•  CREME96: https://creme.isde.vanderbilt.edu/ 
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+

n The parametric models used for dose evaluation 
are the most sensitive to the availability of new set 
of data, expected improvements from AMS: 

 
n  Different input spectra (maybe from FFA fits?) for different 

species 

n  Continuous time dependent data series for global fit of 
model parameters  

n   different parameters ? 

Conclusion 2) 
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+ Forecast &  time lag 
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Typical speed V~400-700 km/s 
Typical size d~100-120 AU 

ΔT ~ 6-12 months 

It takes few months to propagate the magnetic properties of the 
Sun in the Heliosphere: modulation of CR is delayed of a DT. 
 

Relating time delay effects to solar observables can 
be used to forecast CR intensity. 

V 



+ Forecast &  time lag 
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Teven = 7.52 · R�0.44 months 

Todd = 16.5 · R�0.10 months 

used in: ISO model,  BON 14 model 

Known effect since the 60s (Dorman). 
Use of NM & Balloon data to study time-lag 
as a  function of the SSN (Nymmick 2000) 

Typical speed V~400-700 km/s 
Typical size d~100-120 AU 

ΔT ~ 6-12 months 

It takes few months to propagate the magnetic properties of the 
Sun in the Heliosphere: modulation of CR is delayed of a DT. 
 

Relating time delay effects to solar observables can 
be used to forecast CR intensity. 

à dependence on the cycle  
•  even/odd, min/max SSN 

à dependence on the rigidity  

V 



+ Time lag wrt tilt angle 

10/04/18 B.Bertucci 

31 

Badruddin et al., A&A 466, 697-704 (2007) 698 Badruddin et al.: Cosmic ray modulation and tilt of the heliospheric current sheet
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Fig. 1. Changes in cosmic ray intensity, indicated by counting rate
(counts/hour with scaling factor 100) of Climax neutron monitor, and
tilt angle (in degrees) of the heliospheric current sheet (scale inverted).

ray modulation, we have plotted in Fig. 1 the time variation of
the solar-rotation averaged cosmic ray intensity, measured by
Climax neutron monitor (solid line), and tilt angle (dotted line)
of the HCS from 1976 to 2006. The periods between two thin
vertical lines, shown in the figure around 1980, 1990 and 2000
corresponds to the solar polar magnetic field reversal in solar cy-
cles 21, 22 and 23, respectively. The general (inverse) relation-
ship between the CRI and the tilt angle (TA) of HCS is apparent
from this figure. However, the time lag between CRI and TA ap-
pears to be different during different solar cycles (odd and even)
as well as during different polarity states (A > 0 and A < 0) of
the heliosphere.

Further insight about the relationship between CRI and TA
during different phases (increasing, maximum, decreasing, min-
imum) of a solar activity cycle, and difference in their relation-
ship, if any, during different solar cycles can be obtained by
plotting hysteresis diagram (modulation loops) between these
parameters in different solar cycles. It is expected that finer de-
tails about the modulation may be obtained if one plots these
hysteresis diagrams for different time averages (e.g. 1-rotation,
3-rotation, 6-rotation and 12-rotation averages).

Figure 2 shows the cross-plots between cosmic ray inten-
sity recorded at Climax neutron monitor (Rc = 2.97 GV) and
tilt angle of the HCS for solar cycle 21. Hourly CRI records of
neutron monitor data were averaged over the periods of 1-solar
rotation, 3-rotation, 6-rotation and 12-rotation. Corresponding
Carrington rotation’s tilt angles of the HCS were used to obtain
average angles for the tilt for respective periods. Four cross-plots
for cycle 21 in Fig. 2 show some interesting features about the
time lag between CRI and TA during this solar cycle and, the
response of CRI to the TA changes during its different phases.

A general oval shape loop indicates a large time lag be-
tween CRI and TA during the solar cycle 21. As regards the
effectiveness of HCS tilt in the cosmic-ray modulation, dur-
ing different phases of the activity cycle, the whole modula-
tion loop (see Fig. 2) can be visualized to indicate (a) slow
rate of intensity decrease with increasing TA during increas-
ing phase (weak effect/response); (b) “inverse-modulation” i.e.
decrease in CRI with decrease in TA during/around solar max-
imum and solar polarity reversal (no effect/response); (c) fast
rate of intensity decrease with increase in TA during declin-
ing phase (strong effect/response); and (d) intensity decreases
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Fig. 2. HCS Tilt angle (in degrees) versus cosmic ray intensity, indi-
cated by counting rate (counts/hour with scaling factor 100) of Oulu
neutron monitor, hysteresis plots for solar activity cycle 21; data aver-
aged over 1, 3, 6 and 12 Carrington rotations.

at a faster rate with TA as solar activity approaches to mini-
mum level (stronger effect/response). Another interesting obser-
vation from the cross-plots shown in Fig. 2 is the appearance of
“secondary” loops around solar maximum/solar polarity rever-
sal, more clearly seen in 1-rotation and 3-rotation plots, and to
some extent in 6-rotation averaged cross-plots.

The HCS divides the heliosphere into two hemispheres of
oppositely directed magnetic fields (Smith et al. 1978; Jokipii
& Thomas 1981). During the periods when polarity is outward
in the northern hemisphere above the HCS and inward in the
southern hemisphere below the HCS (referred to as A > 0 po-
larity state of the heliosphere), positively charged particles pref-
erentially enter the heliosphere from the direction of the solar
poles. When the polarity is reversed i.e. magnetic field is inward
in the northern hemisphere and outward in the southern hemi-
sphere (referred to as A < 0 state), positively charged particles
approach the sun from along the HCS (e.g. Kota & Jokipii 1983;
Venkatesan & Badruddin 1990; Potgieter et al. 2001).

During the increasing phase of solar cycle 21 the heliosphere
is in A > 0 polarity state and the access route of incoming cos-
mic rays to the inner heliosphere is through the polar regions.
Therefore, these positively charged particles will be less affected
by drifts associated with the increase in the tilt angle of the
HCS. As a consequence of weak response to changes in tilt an-
gle, intensity decreases at a slow rate with increase in tilt an-
gle. Around solar maximum/polarity reversal, when the tilt of
the heliospheric current sheet is >∼70◦ (closer to 90◦), cosmic ray
particles encounter the fields in polar regions of both positive
and negative polarities and they drift sometimes inward and
sometimes outward (Zhang 2003), resulting in no apparent re-
sponse to tilt angle changes. However, during/around solar max-
imum, the heliosphere is filled with Global Merged Interaction
Regions (GMIRs) that extend large range of latitude and longi-
tude (Burlaga et al. 1985; McDonald et al. 1993). These GMIRs
act as diffusion barriers to the particles and are likely agents re-
sponsible for the modulation during solar maximum. Secondary

Cholis, Hooper, Linden, PRD 93, 043016 (2016) 

Understanding drift effects : 
a) modeling of the time-lag 
b) modeling of different charge sign particle behaviour (e-/anti-p) 

flux forecast !   
DM signals ! 

Time lag of CR count rates are also related to the dynamics of transport for 
positive charged particles for different polarities of the B field 



+

e+	 e-	

A<0	

A>0	

A<0	

e+
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Same physics behind e+/e- time evolution 
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Cycle 24 



+

A<0	

A>0	

e+
/e
-	

Same physics behind e+/e- time evolution 
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A>0	

A>0	 e+	 A>0	 e-	

Cycle 24 



+ Example: Time lag fitting with pre-AMS data 
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Different models to approach the problem: 
2D/3D numerical codes (e.g.  Burger, Potgieter) 
2D/3D stochastic random-walk solutions (more and more popular) 

Basic stochastic models [2D and steady-state] 
-  SolarProp (BCTP-Bonn): public, unmantained. 2D basic, customizable [Kappl 1601.02832] 
-  HelioProp (TUM-Munchen): similar to SolarProp.  Under development [Vittino+ 1707.09003] 
-  HelMod (Milan): 2D w/ detailed wind/diffusion/drift. GALPROP interface [Boschini+ 2017] 
-  NWU models (NWU, South-Africa) [Strauss et al. Astrophys. Space Sci 339, 223 (2012)] 
.... 

Advanced stochastic models [3D or time-dependent] 
-  Strauss et al. ApJ 735, 83 (2011): 3D, focus study on Jovian Electrons. 
-  Strauss et al. A&A 522, A35 (2010): focus on ACR Oxygen and modulation in heliosheath 
-  Zhang ApJ 541, 428 (2000): 3D, skew propagation, DSA at TS, anisotropic diffusion. 
-  Wawrzynczak+, J. Phys. Conf. Ser. 574, 012078 (2015): time-dependent CR transport  
-  Pei et al. J. Geophys. Res. 115, 12107 (2010): time-dependent CR transport 
.... 

Use a public model (SolarProp) explicitely introducing a “time-lag” parameter 
(Tomassetti et al, ApJL 2017)     



+ Setting up of the model with a time-lag 
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Free parameters TBD by data 

Use of “retarded” physics inputs 

Quasi steady-state approach 
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+ Global fitting to space CR data 
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χ 2 =
J( E,α( t ),κ( t ))− Ĵ ( E ,t )
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Global χ2 estimator: 

Three free parameters 

data coverage 

36 

Proton flux data at negative polarity (A<0) between 2000 and 2012 

•  PAMELA: at E= 0.08 – 50 GeV, from 2006 to 2010 (3.5yrs) monthly resolved 
•  EPHIN/SOHO: at E=0.5-2 GeV, from 2000 to 2013, yearly resolved 
•  BESS-Polar I-II: at E=0.1-50 GeV, from two 15-day flights in 2004 and 2008 



+ Proton flux time profile @ 1 GeV 
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Data are well described by a ΔT=8.1 months

fit region prediction

ü  Real-time solar-data à ability to forecast 8 months in advance
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+ Prediction vs measurement? 
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Model needs to be recalibrated:  
-  more detailed description of drift(s) at the magnetic field reversal region ? 
-  different time lags at different energies? 



+ Same model : e+/e- 

Only AMS data can really “stress” model predictions 
à  long term measurements (at different crossing of B field reversal) are  
of paramount importance to get reliable understanding of dynamics & forecasting 
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Conclusions (3)  

n  Pursuing a program of fundamental physics AMS is providing 
new and precise measurements on the radiation environment 
at 1 A.U. 

n  Long term measurements from AMS are fundamental to: 
-  explore fundamental physics phenomena 
-  explore Heliospheric effects on charged particles 
-  improve risk assessment in manned exploration missions 
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More connections… 
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U.S. Lab 
Destiny Japan Lab 

Kibo 
E.S.A. Lab 
Columbus 

Measuring doses on the ISS  
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during solar maximum conditions the contributions from GCR
are reduced due to the stronger interplanetary magnetic field
preventing GCR of lower energies from entering the helio-
sphere. An indication of the activity of the sun is given by
the sun spot number, and neutron monitors on ground
provide measurements of the related GCR intensity with the
highest values during solar minimum conditions and lowest
values during solar maximum conditions. Figure 5 therefore
provides the sunspot number (Fig. 5a; data from: http://
www.sidc.be/silso/) and the Oulu neutron monitor count rates
(Fig. 5b; data from: http://cosmicrays.oulu.fi) for the timeframe
(06/2009–06/2016) of the DOSIS (07/2009–06/2011) and the
DOSIS 3D (05/2012–onwards) experiments. Figure 5 also
provides the measured daily absorbed dose rates for the

GCR contribution for the DOSTEL-1 instrument (Fig. 5c)
and the DOSTEL-2 instrument (Fig. 5d).

The DOSIS mission started in July 2009, within the
deepest solar minimum conditions (2009) in the spacefaring
era. This is indicated by a sunspot number Sn ~ 0 and the high-
est Oulu Neutron Monitor count rates for the whole year 2009
and also reflected in the absorbed dose values measured by
both DOSTEL instruments of up to 170 lGy/day. From
2010 onwards we observed a slow increase of solar activ-
ity which can nicely be seen in the DOSTEL data showing
similar variations as the Oulu Neutron monitor count rate.
The DOSTEL-2 instrument covered the slow increase in solar
activity and the related decrease in GCR intensity till the end
of the DOSIS experiment in June 2011.

(a)

(b)

(c)

(d)

Fig. 5. (a) The monthly and smoothed sun spot number from June 2009 to June 2016; (b) Oulu NM count rates from June 2009 to June 2016;
(c, d) the measured daily absorbed dose rate for the contribution of the GCR for the DOSTEL-1 and DOSTEL-2 instruments. Note: No
measurements were taken from June 2010 to May 2011.

T. Berger et al.: DOSIS & DOSIS 3D: DOSTEL radiation measurements on board the ISS

A8-p7

Berger et al, 2017 
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Matthia @ WRMISS, 2017 

Continuous counting rates from AMS 
could be used in the study of active 
dosimeters on ISS  



Conclusions (4) 

n  Long term measurements from AMS are fundamental to: 
-  explore fundamental physics phenomena 
-  explore Heliospheric effects on charged particles 
-  improve risk assessment in manned exploration missions 

n  Continuous counting rates from AMS could be used in the 
study of active dosimeters on ISS  
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